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ABBREVIATIONS 
Ac    Cross-sectional area (mm
2
) 
Φ    Circumference (mm) 
 
C  Capacitance
1
  is the ability of a capacitive body to store 
electrical charge.  The SI unit is farad (F). One F is the amount 
of capacitance when one coulomb (C) of charge is stored with 
one volt (V) applied to a capacitive body.  
 
Q  Charge
1 
 is an electrical property of matter that exists because 
of an excess or deficiency of electrodes.  It can be either 
positive or negative.  The SI unit is coulomb (C).  One coulomb 
is the charge possessed by 6.25x10
18
 electrons. 
 
V  Voltage
1
  is the amount of energy or work per unit charge to 
move electrons from one point to another. The SI unit is volt 
(V). One volt is the potential difference between two points 
when one joule (J) of energy is used to move one coulomb (C) 
of charge is moved from one point to the other. 
 
Xc  Capacitive reactance
1
  is the opposition of a capacitor to 
sinusoidal current and is expressed in Ohms (Ω). 
 
Z  Impedance
1 
 is the total opposition to sinusoidal current in an 
RC circuit. It is the sum of resistance (R) set up by resistors and 
capacitive reactance (Xr) set up by capacitors and is expressed 
in Ohms (Ω). 
 
  
                                                     
1 Definitions for physical phenomena from Floyd (2010) 
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ABSTRACT 
Many authors have reported linear correlations between electrical capacitance, measured 
between an electrode inserted at the base of a plant and an electrode in the rooting substrate, and 
root mass.  The measured capacitance is conventionally interpreted using the electrical model of 
F.N. Dalton in which roots are regarded as cylindrical capacitors wired in parallel.  This model 
was tested for barley (Hordeum vulgare) grown hydroponically using treatments that included: 
raising roots out of solution, and cutting roots at positions below the solution surface.  Although 
good linear correlations were found between capacitance and mass for whole root systems, 
when roots were raised out of solution, capacitances were non-linearly related to submerged 
root mass.  Excision of roots in the solution had negligible effect on measured capacitance.  The 
latter observations conflict with Dalton’s model.  Capacitance correlated linearly with the cross-
sectional area of root tissue at the solution surface, and inversely with distance between plant 
electrode and solution surface.  A new model for capacitance was proposed and tested with 
cereal plants growing in solid substrates.  Capacitances of plants in various substrates were 
measured under contrasting water regimes.  Substrate capacitances increased with increasing 
water content.  At water contents approaching field capacity, substrate capacitances were at 
least an order of magnitude greater than those of plant tissues.  Wetting the substrate locally 
around a plant stem base was both necessary and sufficient to record maximum capacitance, 
which was correlated with stem cross-sectional area.  Capacitance measured between two 
electrodes could be modelled as an electrical circuit in which component capacitors (plant 
tissue/ substrate) are wired in series, with capacitances of components connected to the same 
electrode acting in parallel.  All results were consistent with the new model.  Whilst the 
measured capacitance can, in some circumstances, be correlated with root mass, it is not a direct 
assay of root mass.
 1 INTRODUCTION  
The world population will grow by a third at least in the next 40 years (United Nations, 2010).  
Arable land, however, is limited.  More than forty percent of Earth’s land surface is currently 
used as cropland or pasture (Monfreda et al., 2007).  In the last decades agricultural land 
expansion was achieved mainly by deforestation of tropical forests (Gibbs et al., 2010) and 
driven by population growth and an increasing global demand for food (e.g. DeFries et al., 
2010; Geist and Lambin, 2001).  Newly cleared land however shows a net-release of carbon 
dioxide (West et al., 2010), promoting climate change.  The changing climate, in turn, threatens 
the existing arable land (e.g. Dasgupta et al., 2009; Rahmstorf and Ganopolski, 1999).  
Therefore, it is crucial for researchers, breeders and farmers to have of a quick method for 
identifying crops and cultivars that grow optimally under given or changing conditions in regard 
to variables such as yield, biomass and stress tolerance.  Field-based phenomics include a wide 
range of parameters (Table 1-1) to determine biomass, growth, water-relations and vigour of 
crop-plants.  Many phenomics-techniques work with electro-magnetic waves.  This often 
restricts their application to the aboveground parts of a plant.  The belowground part, however, 
the root system, is crucial for plant growth, because it facilitates the uptake of water and 
nutrients and its transport to the places of photosynthesis and thus growth.   
 
The major obstruction to root research is the inaccessibility of the organs.  Root excavation and 
visual scoring is time- and labour-intensive so that often only a small selection of representative 
plants is investigated (e.g. Trachsel et al., 2011).  Therefore and because of the implied 
destruction of the plant, excavation appears rather unsuitable for growth studies.  Thus, a lot of 
work was invested in developing non- or minimally-invasive techniques for monitoring root 
growth in the substrate in recent years.   
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The technique, which is object of the thesis, is the electrical capacitance measurement on plants 
in the ground.  The equipment required is, in contrast to most other methods, cheap and simple 
to apply in both field and laboratory.  Although capacitance has been used as a non-destructive 
measure of root system size for > 30 years and often good linear correlations have been reported 
between capacitance and root mass (Table 1-2), the underlying electrical pathways are still 
unknown.  A model by F. N. Dalton (1995), predicting a linear relationship between these two 
variables, has become accepted widely.  The aim of this thesis was to investigate the 
applicability of capacitance measurement for the estimation of plant root mass. 
 
This chapter provides an overview of non-invasive measurement techniques of root research.  
The first section 1.1 describes different methods and discusses their limitations, each in a short 
section.  The capacitance measurement on plants is discussed in more detail in the second 
section 1.2.  The third section 1.3 provides the basic theory of electrical capacitance while 
section 1.4 outlines the aims of the thesis.   
  
Table 1-1. Examples of measurement methods that show promise for field-based phenomics, taken from White et al. (2012).   
Key: IR = Infrared; NIR = near infrared 
 
  
Trait class Target trait Index or method Applications or relevant traits 
Point (P) or 
image-based (I) 
Wavelengths 
      
Pigment  Chlorophyll Normalized difference vegetation index (NDVI)  P Red, NIR 
constituents  Canopy chlorophyll content index (CCCI)   720 and 790 nm 
 Carotenoids Green atmospherically resistant vegetation index 
(GARI) 
Chlorophyll concentration,  
rate of photosynthesis 
P/I 550 and 860 nm 
Non-pigment  
constituents 
Cellulose Cellulose absorption index (CAI) Bioenergy potential P 2100 nm 
Nitrogen NDVI & CCCI Plant nitrogen status P 670, 720, 790 nm 
 Lignin Cellulose absorption bands Stress response;  
bioenergy potential 
P  
Photosynthesis Photosystem II activity Photochemical reflectance index (PRI) Diurnal radiation use efficiency P 531 and 570 nm 
 Photosystem II activity Chlorophyll fluorescence Stress effects on photosynthesis P/I  
Water relations Transpiration or canopy 
conductance 
Canopy temperature (CT)  
Crop water stress index (CWSI) 
Instantaneous transpiration 
and hence crop water status. 
P/I Thermal IR 
 Canopy water content Normalized difference water index (NDWI) Crop water status P 860 and 1240 nm 
 Water content Leaf water thickness (LWT)  P 1300 and 1450 nm; 1500 - 1700 
nm 
Plant growth Leaf area index NDVI Overall growth P Red, NIR 
 Plant biomass NDVI Overall growth P 
 
590 and 880 nm;  670 and 770 nm 
  NWI Overall growth P 850, 880, 920 and 970 nm 
Plant  
architecture 
Canopy height Close-range photogrammetry Light interception, overall 
growth, lodging resistance 
I Visible or NIR 
  Ultrasonic Canopy height and width P (Ultrasonic) 
  Depth camera Canopy height and width;  
leaf orientation and size 
I Infrared 
Phenology Maturity Time series of index Tracking leaf senescence I 400 - 900 nm 
  Time series of fluorescence Anthocyanin levels P Visible 
 Flower number Image analysis Plant development I Visible 
 Multiple stages Analysis of time series of indices Seedling emergence, senescence P+I 400 - 900 nm 
      
3 
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Table 1-2. Details of studies (plant species, growth medium, and electrical frequency at which capacitance was 
determined) and parameters obtained for linear relationships between capacitance and root system size. 
 
Notes  
* final harvest date only (several previous harvest dates gave poorer correlations, possibly a result of dry soil) 
** capacitance was measured first with several, and second with only one, electrode in soil  
*** capacitance was measured with one electrode in soil at 5, 10 or 15 cm from the plant 
**** combined data from 8 genotypes in vermiculite, 6 in field 
 
Key: FM: Fresh Mass, DM: Dry Mass, RL: Root Length, SA: Surface Area, n = number of replicates 
Publication Plant species Growth medium  Frequency R
2 
values  
   (kHz) FM DM RL SA n 
         
Chloupek (1972) Zea mays Sand (container) 0.8 0.736 0.728 0.731 0.663 24 
 Allium cepa Sand (container) 1 0.566 0.545 nd  0.529 14 
 Helianthus annuus Sand (container) 5 0.916 0.897 0.92 nd 15 
 Avena sativa Clay soil (container) 5 0.566 0.464 nd  nd  15 
 Helianthus annuus Clay soil (container) 5 0.692 0.432 nd  nd  10 
 Brassica napus Not specified  0.081 nd  nd  nd  18 
Chloupek (1977) Daucus carota loam soil (field) 1 0.514    113 
 Helianthus annuus( **) Sand 1 0.549, 0.554    15 
 Helianthus annuus( ***) Sand  1 0.523, 0.543, 0.566    15 
Kendall et al. (1982) Trifolium pratense Solution 1  0.672   21 
 Medicago sativa Silt loam soil (field*) 1  0.436   20 
Dalton (1995) Solanum lycopersicum Solution 1  0.877   12 
van Beem et al. (1998) Zea mays (****) 35 d Vermiculite 1 0.85    32 
Zea mays (****) 70 d Vermiculite 1 0.27    32 
 Zea mays (****) 56 d Loam soil (field) 1 0.41, 0.53    36 
Ozier-Lafontaine  
& Bajazet (2005) 
Amaranthus tricolor Solution 1 0.937    5 
Solanum lycopersicum Solution 1  0.987   11 
 Solanum lycopersicum Clay loam soil (container) 1  0.829   15 
4 
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Preston et al. (2004) Populus deltoides 
 × Populus nigra 
Potting compost  
(container) 
1 
0.866 0.895 
  
33 
Rajkai et al. (2005) Helianthus annuus Sandy soil (container)  1 0.832 (needle), 
 0.921 (clamp) 
 
  
12 
McBride et al. (2008) Zea mays  
(Expt 1, 4 genotypes) 
Turface®, granular  
medium (container) 
1 
 0.779, 0.647,  
0.823, 0.364 
  
30, 30,  
30, 30 
 Zea mays  
(Expt 2, 4 genotypes) 
Turface® 
1 
 0.761, 0.846,  
0.646, 0.726 
  
30, 30,  
30, 30 
Bengough et al. (2009) Triticum aestivum  
(35 genotypes) 
Gravel–sand mix  
(containers) 
1 
 0.753 
  
67 
Tsukahara et al. (2009) Prunus persica Soil (field) 1 0.897 0.896   27 
Pyrus pyrifolia (on Pyrus  
betulaefolia rootstock) 
Soil (container) 
1  
0.806 
  
18 
Pitre et al. (2010) Salix viminalis ×  
Salix schwerinii 
Soil (pots),  
sandy soil (field) 1  
0.81, 0.49 
  
16, 8 
Chloupek et al. (2010) Daucus carota Soil (field) 1 0.525    92 
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1.1  Non-invasive measurement techniques with the focus on soil 
and root research 
This sub-chapter introduces different technical approaches for non-invasive root phenomics.  
First, techniques using electromagnetic radiation are presented, then techniques using electrical 
current.  Each section drafts the mechanistic basis of the approach and discusses its potentials 
and limitations. 
 
Non-invasive measurement techniques are essential for the research of root characteristics and 
function.  Roots in soil elude tactile or optical screening approaches.  The removal of the soil 
shield grants access to roots, but also affects root development.  Root characteristics, such as 
architecture, morphology, physiology, and development are adapted to the rooting medium to 
perform the primary root functions, anchorage and resource acquisition (Waisel et al., 2002).  
Removed from their medium, roots start to adapt so that observations cannot be related to soil 
conditions any more.  Therefore, techniques that work beyond the visible spectrum of light are 
crucial for root phenomics.  
 
1.1.1 Techniques for root measurement that use electromagnetic radiation 
This chapter drafts the theory of electromagnetic waves and introduces in five sections the 
major root measurement techniques that are based on electromagnetic wave transmission. 
 
An electromagnetic wave is defined as energy transmission in form of oscillating electrostatic 
and magnetic fields (Woodward and Sheehy, 1993).  The wave form is a result of pulses, caused 
by electron relaxation at the source.  When transmitted electromagnetic waves hit an object and 
interact with its nuclei or electrons they become absorbed or get scattered.  Thus, the degrees of 
ray attenuation and characteristics of ray scattering provide information about the nature of the 
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object, e.g. its position, density and element composition.  The radiating
2
 character of 
electromagnetic waves allows their usage as screening device in three or even four dimensions.  
Since CCD
3
 cameras extend the imaging capabilities far beyond the visible light spectrum to 
very high frequencies (e.g. X-ray), they can be used to image roots in soil (Vandenhirtz et al., 
2010).  On the other side of the visible light spectrum, radar waves are used to map and quantify 
roots in soil.  The techniques that are suitable for root research use rays with frequencies 
ranging from GHz (radar) to pHz (x-ray). Rays of higher frequency struggle to penetrate the 
bulk soil (Section Using X-rays) while rays of lower frequency do not offer sufficient 
resolution.  Thus, seismic wave measurements are only found for niche applications, e.g. for the 
detection of decaying wood in tree trunks (al Hagrey, 2007).  
 
Measuring with visible light 
Window-based rhizotrons and minirhizotrons may influence the root growth that they are 
supposed to observe (e.g. due to gaps adjacent to the rhizotron window).  Conversely, steamed 
windows cause underestimations.  These problems were addressed by double-walled windows 
which put a constant pressure on the outer wall to tighten the gap and increase the visibility 
(Merrill et al., 2005).  Two-D-light transmission imaging (Garrigues et al., 2006) uses visible 
light, too, the root systems growing within a thin layer of sand.  However, the method is 
restricted to specific sands and provides insufficient resolution for detailed root phenotyping.  
 
Using electromagnetic fields 
The nuclear magnetic resonance technique (NMR) visualizes the response pattern of atomic 
nuclei within a magnetic field to an electromagnetic pulse.  The atom nuclei of some elements 
bear a spin and are weakly sheltered by an electron shell, e.g. 
1
H or 
13
C.  Spinning nuclei 
generate a small magnetic field that possesses a magnetic moment.  The application of a strong 
                                                     
2
 Radiation is the term for energy transmission with uniform velocity in straight lines in all directions. 
3
 CCD; charge-coupled device. Such devices translate electromagnetic waves into electrical signals 
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electromagnetic field forces all nuclei to align in the field.  The magnetic moment of the target 
nuclei 
1
H and 
13
C, however, is too weak to align and they become excited.  When a 
perpendicular electromagnetic pulse disrupts the applied field, relaxation occurs and the target 
nuclei emit energy in the form of heat and resonance radiation at characteristic frequencies.  
Thus, the target nuclei are locatable within a sample, such that internal structures of biological 
samples can be visualized with high spatial resolution using magnet resonance imaging (MRI).  
The technique can be used for monitoring fluxes of carbon and water in root systems 
(Bottomley et al., 1986; Schulze-Till et al., 2009; Jahnke et al., 2009).  MRI-resolution can be 
used on whole plants (Van As, 2007; Van As et al., 2009).  MRI is well suited for visualizing 
cylindrical plant organs, i.e. carrot roots (Daucus carota L.), radish (Raphanus sativus L.), sugar 
beet (Beta vulgaris L.), seeds (Pinus moticola Dougl. ex D. Don), sweet potato tuber (Ipomoea 
batatas L.) and tree trunks (Jahnke et al., 2009; Van As et al., 2009; Iwaya-Inoue et al., 2004; 
Terskikh et al., 2005; Homan et al., 2007).  Though portable NMR apparatus
4
 are available, 
they are less suitable for measuring below-ground parts of plants, because the device is designed 
as a cuff (Windt et al., 2011) and applications on roots would require root excavation (Blümler, 
2007).  
 
Using X-rays 
X-ray computed tomography (CT) is based on the attenuation of X-rays.  The rays interact with 
the electron shell of a sample so that ray attenuation becomes a function of material density.  
The density patterns of soil are complex due to a mixture of water, air and solids.  Thus, X-ray 
CT provides detailed information on the soil structure and allows the discrimination of textural 
layers and the detection of cracks and voids in soil (Moradi et al., 2009; Elliot and Heck, 2007).  
Conversely, the high density of soil limits the size of the sample and the resolution.  Two-
dimensional CT images can be thought of as slices, because they correspond to what would be 
seen, if a sample were sliced along the scan plane (Ketcham and Carlson, 2001).  The slices 
                                                     
4
 Information available at http://www.portable-nmr.eu 
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represent a certain thickness of the object that depends on the settings and resolution of the 
scanner, with volume elements of CT slices are called voxels (volumetric picture elements).  
The size of the voxels, and thus the resolution, depends on various factors including the electron 
density within the slice (Perret et al., 2007).  Ketcham (2011) estimated that CT resolution is 
limited to 1000–2000-times the object cross-section diameter.  A further factor limiting the 
sample size is the field of view.  Haberthür et al. (2010) used micro X-ray setup with a field 
view of 1.52 × 1.52 mm.  They doubled the field view by 360º sample-rotation and further 
increased it by interpolating sub-scans and could visualize a rat lung of 4.1 mm diameter with a 
voxel size of 1.46 µm.   
 X-ray CT has been used to visualise samples of roots in soil.  Gregory et al. (2009) scanned 
containers of 2.5 cm diameter (Fig. 1-1) with a voxel size of 15 µm.  With increasing sample 
size and thus voxel size the detection of fine roots suffers.  Gregory et al. (2003) detected roots 
of 0.48 mm diameter.  Both Gregory et al. (2003) and Perret et al (2007) reported that root 
length was underestimated.  
 
 
Figure 1-1. 3D images of pre-germinated maize seeds grown for 48 h in (a) soil (sieved to <2 
mm) and (b) vermiculite, taken from Gregory et al. (2009).  The images were obtained by 
scanning at 145 kV and 201 mA with the X-Tek HMX CT scanner. 
 
Blurring is a further problem of X-ray CT and occurs at the boundary of root and soil (Fig. 1-2 
top).  Boundary blurring is caused by variable X-ray attenuations, due the mixture of air, root 
and water (Gregory et al., 2003) and depends on soil characteristics.  Gregory et al. (2009) 
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observed less blurring in sand than in soil, due to the higher attenuation contrast for roots in 
sand.  By image processing, the boundaries between roots and soil can be reconstructed.  Air-
related voxels are “peeled” from sub-voxels leaving a “skeleton” that represented the root tissue 
(Lontoc-Roy et al., 2006) (Fig. 1-2).  
 Although X-ray CT is recommended as technique for studying root architecture and growth 
dynamics, (Lontoc-Roy et al., 2006; Tracy et al., 2011; e.g. Hargreaves et al., 2009), it has 
several shortcomings:  X-ray CT poses a ionizing radiation hazard and is therefore restricted to 
laboratory studies; the setup-costs are in a five-digit range (Gregory et al., 2003); and 
measurement is relatively slow.  Hundreds of slices are required for one 3D image each 
requiring about one hour of scanning (Gregory et al., 2003).  Recent improvements drastically 
shorten the scanning time, but can sometimes image artefacts (Gregory et al., 2009). 
 
 
Figure 1-2. MRI images (top) and photo (bottom) of a maize root system, taken from Lontoc-
Roy et al. (2006):  Isolated root systems (top) and the corresponding skeletons (middle) of a 
maize seedling CT scanned in homogeneous sand in dry (left) and water-saturated (right) 
conditions, as compared to a digital photograph of the real root system (bottom), once removed 
from the soil, washed and coloured with red ink (Bar=2 cm).  Scales were not defined, but 
appear to show the voxel number. 
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Using neutron transmission to investigate roots 
In contrast to X-rays, neutrons attenuate by interactions with the unsheltered protons of the 
sample.  Thus, neutron radiography visualizes the 
1
H-rich sample components, e.g. roots in soil 
(Fig. 1-3).  Neutron attenuation, as a function of time and water content, allows estimation of 
water fluxes (Oswald et al., 2008).  Neutron radiography has been used to detect fine roots even 
in large samples (root diameter ≥0.2 mm) (Moradi et al., 2009).   The limitations of NR for root 
research occur at extreme soil water contents.  Wet soil causes a high attenuation, whilst dry soil 
reduces the root–soil contrast, due to root dehydration (Moradi et al., 2009).  Another major 
shortcoming of the technique is the few laboratories that can conduct neutron imaging (Moradi 
et al., 2009).   
 
 
Figure 1-3. Neutron radiography image of a root system of Lupinus L in relatively dry sand, 
taken from Oswald et al. (2008):  grey values represent water content calibrated as volume 
fraction of the sand porous medium, with the grey scale ranging from 0 to 25% water content.  
Values above 25% are shown in white to allow better visibility of the roots. 
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Using radar to investigate roots 
The techniques discussed so far are feasible in the laboratory.  In field studies, however, ground-
penetrating radar has the advantage that the technique uses electromagnetic waves.  Radar 
requires no screen to detect wave attenuation that is caused by wave scattering.  In contrast, the 
radar captures scattered waves that provide information about the nature of materials in the 
ground, e.g. the soil moisture content (Vereecken et al., 2008).  A transmitter antenna pulses an 
electromagnetic wave into the ground (e.g. Vendl, 2009).  At boundaries of materials with 
different permittivity, waves are partly scattered.  The waves reflected back to the surface are 
detected with receiving antennas.  The key factor is the time between wave pulse and capture, 
because the velocity of the waves depends on the electrical permittivity of a material.  The 
wave-velocity is proportional to the inverse square root of the sample permittivity (Daniels, 
2000), while the strength of the reflection depends on the difference in material permittivity at 
the boundary (Hirano et al., 2009).  Thus, ground penetrating radar can determine the position 
and size of materials in the ground that differ in their electrical permittivity.  Radar waves have 
lower frequencies than visible light (0.01 GHz to 1 GHz), enabling them to travel deep into soil.  
This advantage, however, is greatly compensated by the low resolution that is immanent to low 
frequencies.  For applications that require less depth (< 80 cm) and high spatial resolution, 
researchers use radars with working frequencies of 1.5 GHz to 2 GHz (e.g. al Hagrey, 2004; Cui 
et al., 2011).  
 
The root mapping with GPR uses differences in permittivity between roots and soil.  The 
relative permittivity
5
 (relative dielectric constant) of water is approximately 80, while that of the 
other soil components varies between 1 (air) and 7 (solids) (Ley et al., 1994; Wu et al., 2011).  
Thus, GPR can detect water-rich roots in dry soil (e.g. Butnor et al., 2001; Zenone et al., 2007).  
Both groups found drained sandy soil an optimal condition for the radar-based root detection.  
Root detection in clayish and loamy soil, however, suffered from low permittivity contrasts.  
                                                     
5
 the permittivity of a material related to the permittivity of free space (dimensionless) 
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Another factor affecting the quality of root detection was noise, caused by gravel, pebbles and 
rough terrain. 
 Cui et al. (2011) found a resolution limit for the detection of fine roots at 5 mm root diameter.  
Although the group was satisfied with their root mass estimation per radar, they saw a general 
problem of this application in the discrimination of overlapping and clustering of roots.  Hirano 
et al. (2009) addressed this problem by burying root pieces at different intervals in sandy soil 
and also compared buried root pieces with different water contents.  The discrimination limits 
were root piece intervals of 20 cm, a root water content of 20%, a root depth of 80 cm, and a 
root diameter of 19 mm.  The researchers worked with 0.9 GHz in contrast to Cui et al. (2011), 
who achieved a considerably better  resolution with their 2 GHz radar.  A shortcoming of the 
ground penetrating radar technique is that setup costs are > £ 10k (Vendl, 2009). 
 
1.1.2 Measuring with electricity 
This section introduces different techniques of measuring the electrical properties of natural 
systems including living systems.  All methods are based on the application of electrical current 
and the comparison between the input and the output current.  The (proposed) mechanistic basis 
is drafted for each approach and the proposed application discussed.  The capacitance 
measurement on plants will be introduced and discussed separately in Section 1.2.   
 
Electrical measurements are generally cheaper than techniques basing on electromagnetic wave 
measurement (S. Techniques for root measurement that use electromagnetic radiation).  They 
are usually easy to apply in both laboratory and field studies.  Commonly two to four electrodes 
apply electrical current and receive the output (many electrodes and more complex apparatus 
are required for 2D- and 3D-tomography).  A meter measures then capacitance and either, 
resistivity or conductance.  Spatial differences between input and output current allow the 
imaging of internal structures, while temporal changes allow monitoring processes.  
Water is a key factor for electrical measurements in natural systems 
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The measurement of electrical characteristics in samples requires an electrical pathway between 
the electrodes used.  In natural systems, water provides an electrical pathway and generates 
electrical capacitance and impedance.  Its dielectric constant (78–80, at 1kHz ) is relatively 
high.  Thus, water distribution affects electrical measurements in biological and geological 
studies.  
 
Applications of electrical capacitance measurement (ECM) in soil and plant systems 
This section introduces some established applications of capacitance measurements in soil and 
plant systems.  Similar to ground penetrating radar, capacitance measurement provides 
information about a sample’s permittivity.  The permittivity of soil is considered as a function 
of the volumetric soil water content (θ), because the permittivity of dry soil is relatively small.   
 Soil-capacitance probes (e.g. θ-probes) are routinely used for measurement of soil water 
content (Robinson et al., 2005).  Theta-probes are accurate to ±1 cm
3
 cm
-3
 although may 
overestimate the soil water content in certain soils (Robinson et al., 1999; Robinson et al., 
1998).  Robinson et al. (2005) assumed that probes fail to identify the real soil permittivity, 
because θ-estimation neglects the ionic soil conductivity particularly important in sodic soil.  
The workers proposed a circuit model that corrected θ-estimation in sandy soils better than in 
clayey soil.  Robinson et al. (2005) suggested that the reason for this was an underestimation of 
bulk soil electrical conductivity.  Kitzito et al. (2008) questioned soil-specific calibration and 
hypothesized that the sensitivity of capacitance measurement to (a) soil conductivity, (b) soil 
texture and (c) soil temperature may be overcome by using higher measurement frequencies.  In 
fact, they proposed a single calibration curve that was independent of these factors.  Wu et al. 
(2011) favoured lower measurement-frequencies, but their correction model became inaccurate 
at extreme soil water contents.  Celinski and Zimback (2010)
 6
 used the C-sensitivity to soil 
texture and salinity for the prediction of clay and sand content.  They found good correlations 
for capacitance with chemical attributes, such as soil pH and cation exchange capacity.  
                                                     
6
 Content was taken from the abstract only, because the paper text was in Portuguese.  
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ECM has also been used for the estimation of water content in in wood pellets and tea leaves 
(Fuchs et al., 2008; Mizukami et al., 2006).   
In forestry research, capacitance measurement was tested for detecting different gradients of 
wood decay in tree trunks and was found to be a function of the water content of wood (Tattar et 
al., 1974).  Lekas et al. (1990) inserted two electrodes, one above the other, in the trunks of 
different tree species and observed a seasonal pattern in their capacitance readings that were 
species- and site-specific.  Capacitance increased in spring and decreased in autumn following 
an increased root uptake activity with a large and rapid increase measured after heavy rainfall 
following a longer dry period.  The researchers found good correlations between capacitance 
and diameter of breast height (dbh) and observed capacitance sensitivity to stem temperature.  
Lekas et al. (1990) concluded that ECM is capable of measuring cambial growth and sap flow 
though suggested avoiding electrode insertion at sun-exposed places.  Qu, Wang and Liang 
(2005) reviewed results in forestry studies that were obtained with ECM and suggested tree 
capacitance as index for growth rate, for foliar biomass, for dbh, and as hazard system for 
environmental stress.  
 
Other scientists used ECM for the determination of fruit size (Kato, 1997) and for monitoring 
biofilm thickness (Maurício et al., 2006).  MacCuspie et al.(2008) tested the method for the 
discrimination between viruses in infected tissue.  In medicinal research, ECM was tried for 
investigation of skin water barrier functions (e.g. Boyce et al., 1996; Wickett et al., 1993); for 
monitoring oedema evolution after inflammation (Yamada et al., 2004); and for differentiation 
between carcinoma and normal parenchyma (b; Inagaki et al., 2004b). 
 
Applications of electrical capacitance measurement on cells 
Commonly the dielectric character of the plasma membrane bilayer is considered as source of 
plant capacitance, e.g. Dalton (1995).  In regard to findings of cell capacitance measurements, 
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this is clearly a simplification.  Early findings suggested that the electrical capacitance of a cell 
depends on more factors than just the geometrical properties of the plasmalemma.  A lot of this 
work was done on green algae for two reasons:  Small single celled algae (e.g. Chlorella) allow 
measurement of their capacitance in a suspension which makes it comparable with the 
capacitance of plant organelles (Hope, 1955).  Furthermore, giant green algal cells (e.g. 
Acetabularia) ease the insertion of micro electrodes into the cytoplast, e.g. for voltage-clamping 
experiments (Tittor et al., 1983; Beilby and Beilby, 1983).   
Hope (1955) filled the gap of a plate capacitor with suspensions of mitochondria, chloroplasts 
and Chlorella  sp.. cells and measured their capacitance (AC at 1 Hz to 4 kHz frequency).  For 
all suspensions he observed an increase of capacitance up to 5Hz followed by a continuous 
decrease with increasing frequency, suggested to be due to  “leakage” of electrolytes.  The mean 
capacitance at 1 Hz frequency increased in the order Chlorella (1.0 ± 0.4 Fm
-2
), chloroplast (1.6 
± 0.0 Fm
-2
), mitochondria (2.8 ± 1.2 Fm
-2
).  The author assumes that such differences would be 
due to differences in the membrane structure, i.e. variations in thickness and other factors 
influencing the dielectric constant. 
For voltage clamping two micro-electrodes are inserted into a giant algae cell and a third 
electrode is connected with the surrounding medium.  One of the inserted electrodes conducts 
the current into the cell, while the other electrodes either measure the resting potential across the 
plasmalemma (approx. -170 mV) or adjust the potential to a desired value between 0 mV and -
400 mV.  Within this range a superimposed sine wave is able to excite a cell.  Variations in the 
relaxation time after an excitation allow conclusions on the nature of the capacitance. 
Beilby and Beilby (1983) measured the capacitance of Chara corallina cells at different 
frequencies.  The relaxation time at low frequencies (1 – 10 Hz) was relatively long and 
attributed by the authors to transport effects of ions through the plasmalemma, because such 
effects are relatively slow.  Measurements at higher frequencies, however, showed the dielectric 
characteristics of the membrane only.  The authors measured a resting potential capacitance of 
0.22 F m
-2
.  Capacitance varied between 0.1 and 1.0 F m
-2
 for other potentials.  Beilby and 
Beilby (1983) suspected that this was caused by variations in the acid and alkaline conditions at 
the cell surface.  They also observed that capacitance lagged the excitation (and thus 
conductance) and assumed that the cause were excitation-induced changes of the interfacial ion 
concentrations of Cl
-
, Ca
2+ 
and  K
+
.  Thereby, the authors widened the scope of plant cell 
capacitance by the aspect of bi- and interfacial ion concentrations and membrane permeability.   
Tittor et al. (1983) used voltage-clamping over a wider range of frequencies (1Hz to 10kHz) for 
Acetabularia  to test the hypothesis that cells of the marine ulvophyean green alga Acetabularia  
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would provide a five-times higher capacitance, than “nearly all biological membranes” (0.01 
Fm
-2
), because of a very high density of electrogenic Cl
-
 binding enzymes (pumps) within the 
plasmalemma.  Unfortunately, the authors provide no reference for their value which is by one 
order of magnitude lower at least than the capacitance Hope (1955) or Beilby and Beilby (1983) 
found in their experiments using internoda; cells of  the freshwater charophycean green alga 
Chara corallina .  Tittor et al. (1983) proposed a modified Hodgkin–Huxley model (Hodgkin 
and Huxley, 1952) that differs from the original by disclaiming significant capacitive effects by 
passive ion flow through either ion channels or ATP-binding transport proteins in the 
plasmalemma.  Using equations based on their hypothesis Tittor et al. (1983) calculated two 
capacitances from a measured impedance value.  As a function of the surface area of the 
plasmalemma, one value was said to represent the bilayer capacitance while the other value 
represented the number of Cl
-
-pumps.  The mean of calculated “membrane capacitances” 
measured for eight potentials (0.009 Fm
-2 
± 0.004 Fm
-2
, n=35) was found to be significantly 
lower than the calculated “pump capacitance” (0.033 Fm-2 ± 0.019 Fm-2, n=35) although Tittor 
et al. (1983) observed, like Beilby and Beilby (1983), high variations and no trend over the 
range of applied voltages (-70 mV to -240 mV).  From their pump capacitance the authors 
estimated a pump density of 50 nmol m
-2
.  However, the authors limit their interpretation to the 
species  Acetabularia, because for another giant-celled ulvophycean green alga Valonia living 
under similar environmental conditions similar capacitance values were found (Zimmermann et 
al., 1982)) which could be correlated with external pH and turgor pressure.  The two studies 
agree in that next to the bilayer capacitance charge carrier at the plasma membrane surface 
affect plant cell capacitance. 
Zhang et al. (1990) also calculated plant capacitance from impedance measurements but for 
different plant tissues.  The team tested the Hayden model (Hayden et al., 1969) which proposes 
that next to plasma membrane capacitance there would be two resistances, one for the 
symplasmic and one for the apoplasmic current pathway.  The authors proposed that impedance 
would become apoplasmic with decreasing frequency and symplasmic with increasing 
frequency, and found that both symplasmic resistance and capacitance decreased with 
increasing frequency and concluded on the existence of a symplasmic capacitor.  Zhang et al. 
(1990) suggested that the vacuole rather than other cell organelles  played a major role as 
symplasmic capacitor, because of its large size.    
Recent work on plant cell capacitance was mainly done with cell suspensions, termed dielectric 
measurement, as the capacitance is proportional to the dielectric constant of a sample, when 
spatial arrangement of the capacitor components, i.e. plates, cylinders or pin-electrodes.  
Measurements can be conducted in situ in the medium (e.g. in a bioreactor).  Online monitoring 
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of cell concentration, biomass and growth is possible (e.g. Degouys et al., 1993; Mishima et al., 
1991; Markx et al., 1991) and allow conclusions on the physiological state of biological cells, as 
the capacitance values reflect the effects of cell disruption and lysis (e.g. Asami and 
Yamaguchi, 1999; Matanguihan et al., 1994; Morita et al., 1999).  Cell capacitance is found by 
subtracting the capacitance of the suspending medium from the capacitance of the cell 
suspension (Degouys et al., 1993; Matanguihan et al., 1994).  The frequency commonly ranges 
between 0.1 MHz and 6 MHz (Kiviharju et al., 2008).   
Asami and Yamaguchi (1992) measured the capacitance of cell suspensions (AC, 1kHz to a few 
hundred MHz) and found three changes of the dielectric constant (dielectric dispersions) for 
plant protoplasts.  They attributed them to the surface layer and internal membranes of cells.  
Asami and Yamaguchi (1992) proposed a single-shell model for cells containing no intracellular 
organelles (e.g. erythrocytes), a double-shell model for cells with a large vacuole or nucleus 
(e.g. lymphocytes), and a double-shell model including vacuoles for plant protoplasts.  Based on 
these models Asami et al. (1996) found capacitances of 0.62 and 0.68 F  m
-2
 for the plasma 
membrane; 0.91 and 0.95 Fm
-2
 for the tonoplast; and 1 F m
-2
 for organelle membranes for plant 
protoplasts of Brassica campeteris and Tulipa gesneriana.  The values are between those found 
by Hope (1955) and Beilby and Beilby (1983). 
Asami (1995) proposes an imaging application of dielectric measurement: This researcher set up 
a scanning dielectric microscope by moving a pointed electrode over a sample of biological 
cells in aqueous medium.  A metal plate carried the sample and served as counter electrode.  
The best contrast was achieved at 30 kHz frequency.  Asami (1995) suspected that the plasma 
membrane would be short-circuited and thus “electrically transparent” at higher frequencies.     
 
Electrical capacitance tomography (ECT) for imaging differences in permittivity 
Electrical capacitance tomography is a complex variation of capacitance measurement that can 
be used to map spatially the electrical permittivity of fluids in tubes.  Capacitance tomography 
in two dimensions (2D) requires four to eight pairs of parallel plate electrodes arranged in a 
ring.  Three dimensional (3D) imaging is realized either by interpolation of 2D-images (frames) 
from a single ring or by arranging several rings in a tube (multi-frames; (e.g. Banasiak and 
Soleimani, 2010; Banasiak et al., 2009; Banasiak et al., 2010).  The 3D approach is also termed 
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electrical capacitance volume tomography (ECVT; (Warsito et al., 2007).  Recently, Soleimani 
et al. (2009) proposed a 4D algorithm for real time image computing from multi-frame ECT 
data.  ECT has been used for the visualization of industrial processes, such as two-phase flow in 
pipes (e.g. Niedostatkiewicz et al., 2009; Gamio et al., 2005), flames in a combustion chamber 
(Waterfall et al., 2001), ice movement in water (Jiang et al., 2009) or high-shear mixing and 
granulation (Rimpiläinen et al., 2011).  There were no reports found for ECT-applications in 
plant research, though it is possible, e.g. for monitoring sap flow in tree trunks or water content 
in rooted soil.  The lack of interest might be due to the availability of established techniques, 
such as electrical resistivity tomography.  
 
Electrical capacitance tomography (ECT) for imaging differences in permittivity 
Electrical capacitance tomography is a complex variation of capacitance measurement that can 
be used to map spatially the electrical permittivity of fluids in tubes.  Capacitance tomography 
in two dimensions (2D) requires four to eight pairs of parallel plate electrodes arranged in a 
ring.  Three dimensional (3D) imaging is realized either by interpolation of 2D-images (frames) 
from a single ring or by arranging several rings in a tube (multi-frames; (e.g. Banasiak and 
Soleimani, 2010; Banasiak et al., 2009; Banasiak et al., 2010).  The 3D approach is also termed 
electrical capacitance volume tomography (ECVT; (Warsito et al., 2007).  Recently, Soleimani 
et al. (2009) proposed a 4D algorithm for real time image computing from multi-frame ECT 
data.  ECT has been used for the visualization of industrial processes, such as two-phase flow in 
pipes (e.g. Niedostatkiewicz et al., 2009; Gamio et al., 2005), flames in a combustion chamber 
(Waterfall et al., 2001), ice movement in water (Jiang et al., 2009) or high-shear mixing and 
granulation (Rimpiläinen et al., 2011).  There were no reports found for ECT-applications in 
plant research, though it is possible, e.g. for monitoring sap flow in tree trunks or water content 
in rooted soil.  The lack of interest might be due to the availability of established techniques, 
such as electrical resistivity tomography.  
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Measuring the electrical resistivity in natural systems 
Resistivity (ρ) is the specific electrical resistance of a conductive material (Floyd, 2010).  
Environmental factors affecting soil resistivity often also affect soil capacitance.  In accordance, 
ρ was found to be a function of soil water content, soil texture (Fig. 1-4), and soil temperature 
(e.g. Aaltonen, 2001; Celano et al., 2011).  The porosity of soil and the ionic composition of the 
pore fluids were found to govern ρ-values for different soil textures (e.g. Michot et al., 2003; 
Paillet et al., 2010; Robain et al., 1996; Samouëlian et al., 2005).  Paillet et al. (2010) surveyed 
ρ at two sites to map forest soil properties and found significant correlations at both sites for 
CEC, clay, silt and humidity and at one site for pH, sand, and bulk density.  They concluded that 
the availability of cations and a close particle contact increased the soil conductivity in clay and 
silt and thus decreased ρ.  Resistivity was used to detect cracks in soil (Samouëlian et al., 2003), 
and has been used for salinity mapping and in coastal fresh water aquifers (e.g. Nowroozi et al., 
1999; Samsudin et al., 2008). 
 
 
Figure 1-4. Typical ranges of electrical resistivities of earth materials (Samouëlian et al., 2005).  
 
 
Electrical resistivity is often measured using four electrodes.  The method uses direct or 
alternating current of a low frequency:  One pair of electrodes applies an electrical current to the 
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soil, while another pair measures the resulting potential difference.  The resulting pattern of 
electrical potential reflects the resistivity properties within the subsurface (Fig. 1-5a).  Different 
electrode arrays (e.g. Wenner array, twin-probe array, or dipole-dipole array; Fig. 1-5b) affect 
the resolution.  Resistivity is a function of the soil water content, though the function varies for 
different soil types (Fig. 1-6).  Multi-electrode setups are used on greater areas, or to increase 
the resolution, or to screen in three dimensions (e.g. al Hagrey, 2006; Amato et al., 2009).  
Electrical resistivity tomography is used in geological and environmental research to visualize 
soil water movement in the vadose zone (e.g. Michot et al., 2003; al Hagrey, 2006; Garré et al., 
2011); to investigate soil/root water relations (e.g. Werban et al., 2008; al Hagrey and Petersen, 
2011; Goulet and Barbeau, 2006; Srayeddin and Doussan, 2009); and to determine root biomass 
and root diameter in soil (e.g. Amato et al., 2009; Rossi et al., 2011).  Amato et al. (2009) tested 
ρ in a borehole setup  as measure for root biomass of herbaceous plants that grew in containers 
with sandy soil and silt loam soil, respectively. The workers judged ρ suitable for the mapping 
and quantitative estimation of root biomass.  However, the estimation of root length density 
(RLD) was confounded by ρ-variations caused by soil texture and water content, when RLD 
was low.  A borehole setup, however, facilitates the detection of roots in deeper soil layers 
(Amato et al., 2009; al Hagrey and Petersen, 2011).  
 
Based on the findings of Tattar et al. (1974), al Hagrey (2007, 2006) tried mapping wood decay 
in trees as a function of ρ and could (i) map gradients of wood decay, (ii) discriminate phloem, 
sapwood, and heartwood in trunks, and (iii) discriminate soft and woody roots.  A combined 
surface and borehole resistivity survey even allows the detection of fine roots in soil (≥ 2 mm 
diam.; (al Hagrey and Petersen, 2011). 
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Figure 1-5. Electrode arrays for electrical resistivity surveys (al Hagrey 2007):  (a) Four-point 
electrode configuration in a two-layer model of resistivities ρ1 and ρ 2. I, current; U, voltage; C, 
current electrode; P, potential electrode.  (b) Acquisition of a 2D apparent resistivity 
pseudosection using a dipole–dipole array (C1 C2 P1 P2); a, dipole spacing; n, dipole factor. 
   
 
 
 
Figure 1-6. Relationship between the volumetric water content and the electrical resistivity for 
different soil types, taken from Samouëlian et al. (2005):  Values issued by Fukue et al. (1999); 
Michot et al. (2003); McCarter (1984). 
 
 
Electrical impedance spectroscopy (EIS)  
In plant science electrical impedance spectroscopy measures the impedance of a biological 
sample or system over a wide range of frequencies.  The imaginary part of impedance, the 
reactance (Xc) is frequency-related (Eqn 5) and can be plotted against resistance (R), the real 
part of impedance in form of a Nyquist plot.  A Nyquist plot allows conclusions on the 
dielectric and resistive properties of the sample in form of a half circle.  In complex systems 
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impedance spectroscopy is used to examine different components of the system.  Components 
with different permittivities cause sub-half circles within the Nyquist plot and indicate a serial 
connection between capacitive materials.  Therefore, impedance spectroscopy was used as 
complementary method for studying capacitance measurement on roots (Ozier-Lafontaine and 
Bajazet, 2005; Rajkai et al., 2002, 2005) as well as stand-alone method for root growth 
measurement (Repo et al., 2005).  Repo et al. (2005) let willow cuttings (Salix myrsinifolia 
Salisb.) grow in hydroponics.  Similar to Figure  1-7, one of two electrodes was attached to the 
woody stem and the other electrode was inserted in the hydroponic solution.  The group 
measured impedance for 40 days.  A high negative correlation was found between root fresh 
mass and impedance (r = -0.70) and fresh mass and reactance (r = -0.65), but not for resistance 
(R).  Apart from root measurement, biologists used EIS to investigate the cold acclimation of 
trees (e.g. Repo et al., 2002; Repo et al., 2000; Räisänen et al., 2007) and freeze-thawing 
injuries of vegetables (Zhang et al., 2002; Wu et al., 2008). 
 
Root resistivity measurement 
Cao et al. (2010) hypothesized resistivity to be a function of root size and root water content. 
The workers let cuttings of willow (Salix schwerinii E. L. Wolf) grow hydroponically.  Similar 
to Figure 1-7, one of two electrodes was attached to the stem and the other was inserted in the 
hydroponic solution.  High negative correlations were found between ρ and both root surface 
area (r = -0.93) and the number of lateral roots (r = -0.91).  Gradual immersion of roots caused a 
decrease of ρ with increasing root immersion depth.  Resistivity halved, when the stem came 
into contact with the solution.  The removal of roots from the immersed stem, however, had 
negligible effect on the ρ-values.  A close correlation was found between ρ and the reciprocal of 
the stem cross-sectional area in solution.  An electrical analogue was proposed that 
discriminates between resistivity due to (a) the solution, (b) the root-solution interface, (c) the 
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stem-solution interface and (d) by the stem out of solution.  The group judged ρ-measurement as 
a suitable method to investigate root growth dynamics and root function.  
 
Earth impedance technique 
The so called earth impedance method (e.g. Aubrecht et al., 2006; Čermák et al., 2006; Butler et 
al., 2010) has been suggested to give a measure of the total root water absorbance zone 
(Aubrecht et al., 2006).  Based on assumptions of Ozier-Lafontaine and Bajazet (2005) and 
Dvořák, Černohorská and Janáček (1981) that the reactance Xc would be negligible in 
comparison with resistance at low frequencies, the earth impedance is measured with alternating 
current at 100 to a few hundred Hertz (Aubrecht et al., 2006; Urban et al., 2011).  One current 
electrode is inserted in soil, the other current electrode penetrates the stem and two potential 
electrodes measure the voltage response.  One potential electrode is inserted in the sapwood of 
the stem at the soil surface and the other potential electrode inserted at various positions in the 
soil until an optimum position is found.  ρ increased with increasing distance between tree and 
electrode (Aubrecht et al., 2006).  The increase was large at a short distance and became weaker 
the further the electrode was set away from the tree.  The ρ-value measured at the beginning of 
the linear part of ρ-increase was suggested to be a direct measure of the local root absorbance 
area, though the scientific basis for this is relatively poor:  Čermák  et al. (2006) found at best 
indications that the method is capable of determining the root water absorbance area.  Urban, 
Bequet & Mainiero (2011) tested the validity of the earth impedance method by testing seven 
hypotheses that based on the theoretical construct of this approach and could verify none of 
them.   
 Urban et al. (2011)'s main findings were:  
- Impedance measured at woody tree roots at various electrode distances increased with 
increasing electrode distance.  
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- Tree root systems were immersed into a solution with one electrode in solution and 
another inserted into a root above the solution.  Raising the tree root systems out of 
solution caused an increase of impedance.  This observation was in agreement with 
results obtained by Cao et al. (2010).  Urban et al. (2011) interpreted this as the result of 
a longer electrical pathway. 
- Neither excavation, nor the chopping of considerable parts of the root system caused a 
change in the impedance.  This observation was in agreement with results of root 
trimming observed by others (Cao et al., 2010; Kendall et al., 1982; Matsumoto et al., 
2001). 
- Intensive fertilizing of the soil around trees caused a ρ-decrease by 20%.  This agrees 
with the study of Pailletet al.(2010) which reports that a high cation exchange capacity 
of soil was correlated with low resistivity readings.    
In conclusion, electrical measurements on roots were affected by (1) the electrode distance, (2) 
the distance between electrode and substrate, and (3) the ionic composition of the rooting 
medium, but importantly not by root trimming.  
 
 
1.2 The capacitance measurement of plants in the ground 
This section describes how the electrical capacitance is measured and provides a general 
overview.  It introduces the work, results and conclusions of researchers that investigated 
capacitance as a function of root system size and presents the most widely accepted conceptual 
model for the capacitance measurement on plants suggested by Dalton (1995).  Finally, soil and 
plant factors are discussed that might possibly affect the measurement of capacitance. 
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1.2.1 A general overview 
The equipment requires a handheld capacitance-meter and a pair of electrodes (Fig. 1-7).  Its 
simplicity and easy application in laboratory and the field have led to an increasingly wide use 
of the technique, though many questions remain concerning the interpretation and general 
validity of such capacitance measurements.  Close correlations between capacitance and 
different root size parameters such as mass, surface area and length have been reported for many 
species (Table 1-2).  From all hypotheses and concepts proposed to explain findings of close 
correlations between capacitance and root mass  (e.g. Dalton, 1995; Ozier-Lafontaine and 
Bajazet, 2005; Rajkai et al., 2002; Chloupek, 1977; Chloupek et al., 2010) the Dalton model is 
the most widely accepted.  It proposes a linear relationship between the root mass and 
capacitance, which is why the method is also commonly called root capacitance measurement. It 
has been used as measure of root system size (Kendall et al., 1982; van Beem et al., 1998; 
Chloupek et al., 1999; McBride et al., 2008; Chloupek et al., 2006), for plant breeding 
purposes; for the study of root growth (e.g. Dalton, 1995; Kendall et al., 1982; van Beem et al., 
1998; McBride et al., 2008; Preston et al., 2004) and to estimate root mass of trees (e.g. Preston 
et al., 2004; Pitre et al., 2010; Psarras and Merwin, 2000; Tsukahara et al., 2009; Blomme et al., 
2004).  Possibly the largest study on root capacitance measurement was conducted by Chloupek 
et al. (2010) who measured the capacitance of several thousand plants of various cultivars over 
four years.  In this data set close correlations between capacitance and root mass however were 
relatively rare.  Capacitance measurement has never-the-less been proposed as a quick and 
non-destructive screening method for plant root systems size (e.g. Dalton, 1995; Chloupek, 
1972; Bengough et al., 2009; Rajkai et al., 2002; Kendall et al., 1982; Chloupek, 1977; van 
Beem et al., 1998; McBride et al., 2008; Preston et al., 2004; Pitre et al., 2010; Tsukahara 
et al., 2009).   
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Figure 1-7. Scheme of capacitance measurement on a plant rooting in substrate:  Higher plants 
usually consist of an aboveground shoot (green) and a belowground root system (yellow), 
including also ‘stem’/’shoot’ tissue.  Capacitance is measured by establishing a resistance-
capacitance circuit between the plant and the rooting substrate (brown) with a capacitance-
meter.  One of two electrodes is inserted in the substrate (substrate electrode), while the other is 
attached to the plant shoot (plant electrode) near the soil surface.  
 
 
1.2.2 Experimental findings and their interpretation  
Chloupek (1972) was the first to relate the capacitance measured for plants in soil to root system 
size parameters such as fresh mass and surface area (Table 1-2).  Chloupek (1977) found good 
correlations between capacitance and mass for several species of crop (see Table 1-2), though 
not for rape (Brassica napus L.).  In this paper he assumed that capacitance is "generated" at the 
gap between soil and root surface cells, but also assumed that many inner root tissues 
contributed capacitance, too.  The poorer correlations between capacitance and root mass found 
for rape he explained by the rather spherical shape of its major tap root.  Chloupek (1977) stated 
that soil capacitance would have no effect on the capacitance measurement of a plant in wet 
soil.  He argued that the high conductivity of soil would make its capacitance irrelevant.  Later, 
Chloupek, Skácel and Ehrenbergova (1999) mentioned that soil capacitance “contaminates” the 
root capacitance measurement and stated that root capacitance could therefore not be an 
absolute measure of root system size.  But Rajkai, Vegh and Nasca (2005) found evidence that 
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the capacitances of root and soil are connected in series, indeed, having measured capacitance 
and impedance of soil, root pieces, and roots in soil over a wide range of frequencies.  
Chloupek, Forster & Thomas (2006) proposed a different capacitor model that considered soil 
and root material as the plates of one capacitor and their boundary layer as dielectric.  Later, 
Chloupek et al. (2010) considered root tissue and soil to be equivalent to two dielectrics with an 
electric field at their boundary.  The various explanations for capacitance (Chloupek (1977); 
Chloupek  et al. (1999, 2006, 2010) do not offer a rigorous explanation of the mechanistic basis 
of the technique.  
 
Plant capacitance, soil capacitance, and soil water content 
Though soil capacitance is known as function of soil water content (S. 1.1.2) and both soil and 
plant capacitance are proposed to be connected in series (Rajkai et al., 2005), there were no 
studies found in the literature that properly explained their inter-relations.  Poor correlations 
were consistently found, however, between capacitance and root mass when capacitance was 
measured under dry soil conditions (Kendall et al., 1982; Chloupek et al., 2010; van Beem et 
al., 1998).  Dalton (1995) measured the capacitance of a plant in sand for different sand water 
contents and observed a plateau of rather consistent capacitance values between 0.35–0.85 cm3 
cm
-3
 water content.  Rajkai et al. (2005) measured the capacitance of plants in soil at field 
capacity (θ = 0.23 cm3 cm-3), in capillary-saturated (θ = 0.27 cm3 cm-3) and in water and found 
equally good correlations between the capacitance of root mass.  Furthermore the group 
observed that the capacitance of soil was at least an order of magnitude higher than that of a 
plant in soil at the commonly used measurement frequency of 1 kHz.  With decreasing 
frequency the difference between the capacitances increased further.   
 
In conclusion, the estimation of the root system size by capacitance measurement requires 
relatively wet soil.  Wet soil shows a high soil capacitance.  Since soil capacitance and plant 
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capacitance appear to be connected in series, it might be concluded that the plant capacitance 
governs the measurement only in wet soil, because then it is much lower than the soil 
capacitance.  This follows from the following equation  
 
 
      
 
 
      
 
 
     
          (1) 
 
where Cplant is the plant capacitance and Csoil the soil capacitance.  This explains why 
correlations between capacitance and root mass were poor in dry soil, due to the smaller soil 
capacitance dominating the capacitance reading.  The relationship between both capacitances 
however depends of the measurement-frequency used.  
 
1.2.3 The Dalton model for root capacitance 
The most widely-accepted model to explain the capacitance of root systems was put forward by 
Dalton (1995).  He proposed a simple resistance-capacitance model to describe the underlying 
electrical pathways between an electrode in the root substrate and an electrode inserted into the 
base of the shoot.  The model considers roots to be equivalent to cylindrical capacitors.  It 
suggests that the plasma membranes of root cells serve as dielectrics (Dvořák et al., 1981) 
separating the soil solution from the inner solution and generating capacitance.  Accordingly, 
the boundary layers between the plasma membranes of root cells and these solutions are seen as 
equivalent to capacitor plates.  Thus, the capacitance of a root system would be linearly related 
to its size, analogous to the addition of capacitors when they are connected in parallel, given by 
 
itotal CCCC  ...21         (2) 
 
where C1, C1, … Ci represent the capacitance of individual roots.  Dalton’s model (1995) has 
gained wide acceptance, because the linear relationship between the capacitance and the size of 
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a plant root system it predicts has been found for many different plant species in many different 
substrates (Table 1-2). 
  
Dalton (1995) surmised that the suberized plant tissue of fully developed endodermis would act 
as an insulator.  Hence the root capacitance would be provided predominantly by “active” apical 
parts of the root.  The model equates xylem and phloem vessels with wires that conduct the 
current to the plant electrode aboveground.  Thus, Dalton (1995) concluded that root-C would 
provide information about both the mass and the physiological “activity” of roots.  Dalton 
(1995) observed what he called a “hyperbolic decrease of capacitance” with increasing distance 
between the shoot electrode and the soil surface and explained this by a network of resistance–
capacitance elements in the shoot connected in series (Eqn 13).  
 
Although Dalton’s (1995) key prediction of a linear relationship between C and root mass is 
supported by a number of studies (Table 1-2), there are several examples of findings disagreeing 
with the model.  These will be discussed in more detail in a later section (1.2.5).  
 
1.2.4 Factors that may affect root capacitance measurement  
This section discusses technical, environmental and plant-related factors that are thought to 
affect the root capacitance.  
 
(a) The capacitance of the rooting medium 
Rajkai et al. (2005)’s model suggests that an accurate estimation of root capacitance requires 
either that the substrate capacitance is substantially higher than that of the root system, or that it 
is known.  Indeed, there is a general consensus that root capacitance is only a relative measure 
and best performed under uniformly wet conditions (e.g. van Beem et al., 1998; Chloupek et al., 
1999; Preston et al., 2004; Pitre et al., 2010).  
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(b) Ionic composition of soil solution 
Different electrical measurement techniques show strong sensitivities to the ionic composition 
of soil solution (Section 1.1.2).  Dalton (1995) tested whether different ionic compositions of a 
hydroponic solution would affect the root capacitance measurement, but came to no final 
conclusion, due to a lack of adequate data.  Results of soil resistivity studies suggest that 
capacitance might increase with increasing soil salinity (e.g. Paillet et al., 2010; Samouëlian et 
al., 2005; Urban et al., 2011). 
 
(c) Soil temperature 
Temperature has often been found to affect capacitances measured in soil and plants (e.g. Kizito 
et al., 2008; Lekas et al., 1990; Blomme et al., 2004).  Blomme et al. (2004) were one of the 
few research groups who found no correlation between capacitance and root system mass at all, 
despite measuring in wet soil.  They suggested that temperature fluctuations on the ground and 
at the shoot caused variations in the capacitance reading.  The group measured root capacitance 
of banana trees (Musa L.).  Banana plants have a spherical pseudo-stem that is partly located 
belowground and consists of rolled leaves (Blomme et al., 2004).  The researchers concluded 
that this specific plant anatomy could have been another cause for the lack of a relationship 
between capacitance and root mass. 
 
(d) Electrode type and placement 
Ozier-Lafontaine & Bajazet (2005) were concerned about “parasitic” capacitance, caused by 
electrode polarization.  The polarization of electrodes has an effect on capacitance measurement  
(Schwan, 1992), but according to Schwan’s equation the polarisation has a relatively weak 
effect on the total capacitance, given by 
 
     
 
      
         (3) 
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Here, Cs is the sample capacitance with ω = 2πf angular frequency, C and R the measured values 
and Cp the capacitance provided by electrode polarisation.  Moreover, ionic polarization and 
relaxation is a time-related process and root capacitance is usually measured within seconds and 
with alternating current, commonly 1 kHz frequency (Table 1-2).  Therefore, the effect of 
electrode polarization may be small for root capacitance measurement, as long as capacitance is 
not measured continuously over a longer period of time.   
 
The placement, arrangement and number of soil electrodes were found to have negligible effects 
on the capacitance reading (Ozier-Lafontaine and Bajazet, 2005; Chloupek, 1977), although the 
tested distances between soil electrode and plant did not exceed 15 cm.  The placement of the 
plant electrode, however, greatly affected the capacitance reading (Dalton, 1995; Ozier-
Lafontaine and Bajazet, 2005; Preston et al., 2004).  The workers observed a capacitance-
decrease with increasing distance between plant electrode and ground.  Preston et al. (2004) 
reported a closer relationship between capacitance and root mass at higher distances between 
plant electrode and ground.  Dalton (1995) interpreted the change of capacitance with electrode 
height as the result of a serial capacitor "network" for the shoot (in contrast to the parallel 
network for the root system in soil).  
 
McBride et al. (2008) measured root capacitance separately for different plants growing in the 
same containers, before they measured all plants simultaneously.  They penetrated the shoots of 
two to four plants with a wire which served as plant electrode and found that simultaneously 
measured capacitances met the sum of separately measured capacitances.  The workers 
suggested using simultaneous capacitance measurements to suppress plant-to-plant variations. 
 
(e) Plant electrode attachment  
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In the first root capacitance studies the plant electrode was commonly attached by penetrating 
the shoot with a needle (e.g. Dalton, 1995; Chloupek, 1972; Ozier-Lafontaine and Bajazet, 
2005; Rajkai et al., 2002; Matsumoto et al., 2001; Chloupek, 1977).  Later, clamping devices 
were used as plant electrodes (e.g. Bengough et al., 2009; Kendall et al., 1982; Chloupek et al., 
2010; van Beem et al., 1998; Preston et al., 2004; Pitre et al., 2010).  Rajkai et al. (2005) 
compared needle- and clamp-electrodes.  The researchers found good correlations between 
capacitance and root mass for both devices (Table 1-2), although smaller values were measured 
with a clamp.  While the difference in the capacitance readings was negligible for plants in 
solution, capacitances measured with a clamp were by 17% to 19% smaller, when measured in 
moist soil. 
 
(f) Root physiology and anatomy 
No evidence was found that root physiology or root anatomy or both affected root capacitance.  
 
1.2.5 Testing the Dalton model 
The Dalton (1995) model predicts a direct proportionality between electrical capacitance and 
root mass in a moist rooting medium.  Several observations in the literature, however, question 
the validity of the model.  These are: 
1. The excision of roots from hydroponics solution had negligible effects on capacitance 
(Kendall et al., 1982; Matsumoto et al., 2001) 
2. When capacitance was plotted against root mass, the linear regression lines regularly 
showed an intercept far from the origin (e.g. Dalton, 1995; Chloupek, 1977; van Beem 
et al., 1998; McBride et al., 2008; Pitre et al., 2010).  This suggests that capacitance is 
not directly proportional to root mass.  An offset of the linear regression line was 
commonly explained as a function of soil water content, although this did not appear 
satisfyingly justified. 
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3. When capacitance was measured at different growth stages, the relationship between 
capacitance and root system mass was non-linear.  The ratio of capacitance per root 
system mass was higher at early growth stages (Pitre et al., 2010) and decreased at later 
growth stages (e.g. Dalton, 1995; van Beem et al., 1998; McBride et al., 2008; Preston 
et al., 2004).  Although, the change in ratio could explain offset intercepts of linear 
regression lines in point (2.), this was not taken into account in the literature. 
Decreasing ratios at late growth stages were rather explained by maturing processes 
(e.g. Dalton, 1995). 
 
These findings are not consistent with the Dalton (1995) model, suggesting that further study is 
required. 
 
 
1.3 Definition of electrical capacitance (F) and basic theory 
This section describes the physical background of electrical capacitance phenomenon.  
Introductory electrical principles can be found in respective standard books (e.g. Floyd, 2010; 
Atkins, 1994). 
 
The capacitance of a plate capacitor is determined by the plate area, the plate separation and the 
permittivity of the insulating material between the plates.  
 
Electrical capacitance is the ability of an object to store electrical charge.  It is expressed in units 
of farads (F) and equals charge
7
 stored per voltage
8
.  A body with the ability to store charge is 
termed a capacitor (Fig 1-9).  In their simplest form capacitors consist of two parallel 
                                                     
7
 Charge is an electrical property of matter that exists because of an excess or deficiency of  
  electrons. It can be either positive or negative and is expressed in coulombs (C) 
8
 Voltage is the amount of energy or work per unit charge to move electrons from one point to  
  another and is expressed in volts (V) 
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conductive plates or sheets separated by an insulating material (Fig. 1-8).  William Whewell 
termed such materials “dielectric” to describe their ability to allow to pass an electric field 
(Patel and Markx, 2008). 
 
 
 
Figure 1-8. Left: schematic diagram of a plate capacitor. Capacitance equals the product of 
parallel plate area (A), the permittivity () of the insulating material (dots), and the reciprocal of 
the plate separation (d) between the plates (Eqn 4). Right: electrical symbol for a capacitor. 
 
 
Applying voltage to a resistance–capacitance (RC) circuit causes a negative charge flow from 
the voltage source to one of the plates.  Electrons accumulate at the plate, as they cannot pass 
the dielectric.  The same number of electrons is removed from the opposite plate, as like charges 
repel each other causing the plates to polarize.  Energy is stored in form of an electric field 
within the dielectric.  The storage capacity depends on the permittivity of the dielectric.  There 
is no perfect insulator and therefore every dielectric shows a material-dependent leakage in form 
of a low electron flow. 
 
 
Permittivity 
The absolute permittivity of the dielectric () is a measure of its ability to establish an electric 
field.  Thus,  is proportional to the capacitance (Eqn 4).  Putting an insulating material between 
two capacitor plates increases its capacitance.  The permittivity of a material is therefore related 
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to the permittivity of free space
9
 (0) and called the dielectric constant (r).  The absolute 
permittivity is therefore the product of 0 and the dielectric constant.  Furthermore, the 
capacitance is proportional to the parallel plate area (A).  Charles Augustin Coulomb found that 
the magnitude of an electric field decreases by their spatial separation (e.g. Hall, 2008).  Thus, 
capacitance is related to these three factors permittivity, plate area and plate separation (d) via 
the equation  
 
  
  
 
           (4). 
 
The polarisation of capacitor plates “charges” the capacitor.  This process is measureable as a 
decrease in current and an increase in voltage.  As a consequence, direct current cannot pass a 
capacitor, unless the capacitor breaks down.  A breakdown occurs when the voltage generates 
an electric field that exceeds the dielectric strength
10
 of the insulator.  Dielectric strength and 
therefore the maximally achievable capacitance are affected by temperature, humidity and the 
current frequency.  
 
The characteristics of the dielectric phase-shifts with respects to voltage for the sinusoidal 
wave pattern of the alternating current 
Switching off the voltage source causes the discharge of the capacitor.  Electrical current then 
flows in the opposite direction.  This principle allows alternating current (AC) to pass a 
capacitor without the necessity of an electron flow across the insulating dielectric.  James Clerk 
Maxwell called this phenomenon “displacement current” (Hall, 2008).  The steadily changing 
direction of AC follows a sinusoidal wave.  The process of electron accumulation on one plate 
and electron repellence at the other plate, however, is time-related.  The electron flow that is 
                                                     
9
 The permittivity of vacuum (0) is 8.85.10-12 F/m 
10
 Dielectric strength () is the insulating capacity of a material and expressed in MV/m  
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induced on the other plate follows an sinusoidal wave, too, but the wave is shifted in phase () 
with respect to voltage.  The phase-shift is a function of electron displacement per time and an 
index of how well a capacitor passes alternating current.  The phase-shift depends on the 
characteristics of the dielectric (thickness, area, permittivity) and on the specific conductance 
()11 of the conductors and the frequency (f) of the current.  
 
The reactance of a capacitor 
Decreasing frequency gives a capacitor more time to store charge increasing its (electric field) 
opposing the electrical current.   This opposition is called capacitive reactance (Xc)
12
.  The 
inverse proportionality of Xc to f and capacitance is expressed by 
 
    
 
    
          (5) 
 
with 2π as constant of proportionality.  Both the reactance and the resistance (R) that is due to  
the nature of the conducting devices, form the overall opposition to current, the impedance (Z), 
given by   
 
Z = R + Xc           (6). 
 
Resistance is determined by the physical dimensions and resistivity of the conductors.   
Resistance is the real part of impedance, whilst reactance is represented as the imaginary part of 
impedance (this is a mathematically convenient terminology enabling simple calculations of 
phase shifts).  The material and design of the capacitor and its conductors provide resistance.  
Therefore capacitors are always referred to as a part of an RC circuit (Fig. 1-9). 
                                                     
11
 The specific conductance of a conductor is also termed conductivity (). It is the reciprocal of 
resistivity and measured in Sieverts per meter. 
12
 Capacitive reactance (Xc) is the opposition of a capacitive element to alternating current and is 
expressed in Ohms () 
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Figure 1-9. Scheme of a resistance-capacitance circuit (RC circuit). The voltage source (V) 
applies alternating current (encircled wave symbol) to the circuit that consists of a capacitor (C) 
and a resistor (R) opposing the electrical current.  
 
 
In the discussion of electro-chemical and electro-physical properties of biological samples or 
systems, some terms are often used synonymously, such as impedance and resistivity or 
capacitance and permittivity.   
 
Conductivity, resistivity and capacitance in biological systems  
In biological systems, ions carry the electron flow. Ion mobility, charge, and concentration 
determine the conductivity of a conducting material.  The inverse of conductivity is the 
resistivity, or specific resistance (ρ)13.  The resistivity is a measure of the opposition a capacitive 
material puts up to an applied electrical current and relaxation time (), the time a capacitor 
needs to polarize.  With increasing frequency the ions lag behind the voltage with polarization 
increasingly, a phenomenon termed dielectric dispersion.  At extremely high frequencies no 
capacitance can be measured, because the ions and dipoles in the dielectric effectively become 
immobile.  Dielectric spectroscopy uses the dielectric dispersion and measures capacitance over 
a wide range of frequencies for investigating complex relative permittivities in biological 
systems, such as in plant cells (Asami and Yamaguchi, 1992). 
 
                                                     
13
 The specific resistance of a material is also termed resistivity (ρ). It is the reciprocal of conductivity and 
measured using an Ohmmeter. 
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1.4 Aims and outline of thesis 
The aim of this thesis was to explore the mechanistic basis of plant capacitance measurement 
and specifically to evaluate its potential as a non-invasive technique for the investigation of root 
characteristics.  For that purpose, the conducted experiments aimed to 
1. test different measurement durations, electrode placements and electrode types;  
2. test the Dalton (1995) model in hydroponics and then in soil; 
3. investigate the role of both soil capacitance and plant capacitance in ECM.      
 
Chapter 2 describes the generally used methods and presents the results of preliminary 
experiments.  Preliminary experiments were conducted to explore  
1. the optimal type of plant electrode for consistent capacitance measurement; 
2. the optimal placement of electrodes for consistent capacitance measurement; and  
3. the dynamics of root capacitance in long-time observations. 
The findings are discussed and related to findings in other studies. 
 
Chapter 3 presents a series of experiments testing the Dalton (1995) model with barley 
(Hordeum vulgare L.) in hydroponics by a range of treatments that included: 
- raising individual roots and whole root systems out of a hydroponic solution;  
- cutting roots below the solution surface;  
- varying the distance between plant electrode and solution surface; and 
- measuring roots in air. 
A new model is proposed. 
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Chapter 4 presents experiments that investigated the role of soil water in root capacitance 
measurement and tested the newly proposed model for barley and wheat (Triticum sp. L.) in 
compost and soil systems.  The new model is further developed. 
 
Chapter 5 presents a series of experiments with potato tubers (Solanum tuberosum L.) that 
investigated the role of the plant electrode and reproduced the key experiments of chapters three 
and four.  The RC circuits that follow from the new model for the key experiments were then 
tested with man-made capacitors and resistors on an electrical breadboard.  
 
Chapter 6 includes the general discussion of the results from the experimental chapters and final 
conclusions.  Future work is suggested. 
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2 GENERAL METHODS AND PRELIMINARY 
EXPERIMENTS 
Chapter 2 outlines the general methods used in the thesis, and presents preliminary experiments 
that investigated variations in root capacitance measurement for barley plants in hydroponics.  
 
 
2.1 General methods  
The first section introduces the general methods used to grow plants in different media and the 
measurement their electrical properties.  The specific details of experiments that use these 
techniques are described in sections 2.2, and chapters 3, 4, and 5 of this thesis. 
 
2.1.1 Plant growth  
Plant materials: Experiments were conducted on barley (Hordeum vulgare L., cvs Optic, 
Siberia), 35 cultivars of wheat (Triticum aestivum L.), and potato tubers  (Solanum tuberosum 
L. cvs Maris Piper, Sterling).   
 
Barley grown in hydroponic systems 
Barley caryopses (cv. Optic) were surface sterilised by soaking in a saturated 2% calcium 
hypochlorite solution for 15 minutes, then rinsed three times in distilled water.  The caryopses 
were germinated on paper towel moistened with sterile distilled water in a sterile Petri dish in 
the dark at 16ºC for four days.  Three days after sowing (DAS) seedlings at similar stages of 
development were transferred to a controlled environment room at the James Hutton Institute, 
Dundee, UK (Building AG, Latitude 56.4577°N, longitude 3.0718°W).  Plants were illuminated 
for 18 hours daily with photon irradiance (PAR; 400–700 nm) of 320 mmol m-2 s-1 at plant 
height.  The day/night temperature regime was 18°C/12°C.  Initially seedlings were either 
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directly transferred to vertically aligned plastic tubes of 50 mm diameter, 1 m length and two 
litres volume (Fig. 2-1a,b) containing a nutrient solution (Table 2-1) or spent an interim period 
in a 10L basin filled with the same nutrient solution aerated by porous stones (ELITE, Hagen 
Inc., Toronto, Canada) placed beside the seedlings (Fig. 2-1a).  To avoid problems with 
maintaining an accurate water level during aeration an alternative water regime was devised in 
which the solution was cycled between the tubes, a basin enclosing the tubes, and a canister in 
which the solution was aerated (Fig. 2-1b).  All tubes were plugged at the bottom with rubber 
plugs so that each tube contained about 1.95L of solution plus one seedling.  In contrast to the 
standard water regime (Fig. 2-1a), the alternative did not require daily replacing of solution 
losses by evaporation and transpiration.  Further advantages were that it allowed measuring 
capacitance over long periods at (i) constantly high solution levels and (ii) consistent ionic 
compositions of the solution, independent from the ion-uptake of a plant.   
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Figure 2-1. Two hydroponic systems differing in their water regime:  Plants grew individually 
in tubes containing nutrient solution.  Solution was aerated with air bubbles produced by porous 
stones.  Aeration happened either (a) in the tubes or (b) in a 10-litres-canister hanging 50 cm 
above the tubes.  Air pressure was provided by an air pump (Motore Asincrono, No. G0225, 
Lafert Electric Motors Ltd. Cheshire, UK). The solution was circulated to the bottom of the 
tubes causing overflow at top.  Draining solution was captured in a basin (length 1.3 m, width 
0.38 m, height 0.17 m), then pumped (pump type 1250, Eheim, Deizisau, Germany) back into 
the canister  through a tube (Super Tricoflex , Nobel Plastiques, Poissy Cedex, France; 1.25 cm 
inner  ). 
 
 
Table 2-1. Composition of nutrient solution (conductivity 39.1 mS cm
-1
 at 19.3 ◦C) 
Nutrients g L
-1
  Micronutrients mg L
-1
 
     NH4Cl 0.16  MnCl2.4H2O 1.19 
Ca(NO3)2.4H2O 0.94  H3BO3 1.42 
KNO3 0.40  ZnCl2 0.10 
MgSO4 0.36  CuSO4.5H2O 0.40 
FeEDTA 0.04  Na2MoO4.2H2O 2.24 
KH2PO4 0.68  CoCl2.6H2O 0.24 
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2.1.2 Measuring capacitance and resistance 
Capacitance and resistance were measured with 1 Volt at 1 kHz frequency with an LCR Meter, 
either the MT4080D from Motech Industries (Tainan, Taiwan) or the Passive Component LCR 
Meter from Extech Instruments (Typ 130193, Waltham MA, USA).  The advantage of the 
Extech LCR-meter was its ability to display capacitance and resistance simultaneously that 
facilitated the quick noting of both measures.  The two test leads from the LCR meter were 
attached to the electrodes used to contact the plant or rooting substrate.  The devices serving as 
plant electrodes were: stainless steel hypodermic needles (Fig. 2-2a; length 25 mm, 0.6 mm 
diameter, Terumo, Leuven, Belgium), alligator clips (Fig. 2-2b; Deltron, South Humberside, 
UK), hairclips (Fig. 2-2c; T10 silver, Boots, Nottingham, UK), strips of aluminium foil (Fig. 2-
2d,e and h; breadth 4 ± 0.5 mm; 8-fold thickness), razor-blades (Fig. 2-2g) and battery clamps.  
Husk and dead leaves were removed, before capacitance was measured with a clamping or 
wrapping type of electrode, because they often prevented a satisfactory electrical connection. 
The substrate electrode was a stainless steel rod with a pointed end (Fig. 12f; length 16.5 cm, 
diam. 3 mm).   
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(a)               (b)                        (c) 
     
(d)                         (e)             (f) 
     
(g)              (h)                                          (i)     
 
Figure 2-2. Measuring capacitance with different electrode types.  Electrodes were horizontally 
attached to plant stems:  (a) Needles pierced through the centre of one or of several stems; (b) 
clips were clamped at single stems; (c) the halves of a hairclip were gently bent open and laid 
around the shoot, before being slowly released (coating at the inner sides was filed away to 
ensure full electrical connection; and strips of aluminium foil were folded three times before 
being wrapped around (d) stems or (e) roots and then tightened by the clips of the LCR-meter.  
(f) substrate capacitance was measured by inserting two metal rods to 15 cm depth.  Capacitance 
of plant parts in air was measured either (g) with two razor-blades held tight against the cutting 
edges of a piece of plant tissue, e.g. a cylindrical core of a potato tuber, or with strips of 
aluminium-foil wrapped around a piece of (h) shoot or (i) root. 
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Measuring capacitance in hydroponics – effect of electrode type 
The development of capacitance with plant age was monitored for plants in hydroponics.  The 
standard water regime (Fig. 2-1a) required plants to be transferred into an extra tube containing 
standard ionic solution before starting capacitance measurements.  12 cm of solution substrate 
electrode was submerged at the edge of the tube.  Needles, hairclips or strips served as plant 
electrodes (Fig. 2-2).  These were attached at the shoot (Fig. 2-2c, d) or the roots (Fig. 2-2e) at 
constant distance to the solution surface which was at least 5 mm. At distances less than 5mm to 
solution, neighbouring roots created a meniscus that could contact the electrode at shorter 
distances (Fig. 2-3).  Such contact caused large increases in capacitance, possibly due to a short 
circuit between electrode and solution.  A ruler of 50 cm length was attached to the plant and 
fixed with insulation tape at the shoot above the plant electrode to determine the distance 
between plant electrode and solution surface.   
 
 
Figure 2-3. A root system submerged in hydroponic solution forms a meniscus. 
 
 
When roots were removed from solution and measured with two plant electrodes the 
capacitance was significantly higher before they were surface-blotted than after.   This suggests 
that moisture at the root surface served as a bypass and thus increased the capacitance reading.  
Equivalent results were obtained by monitoring the capacitance of root systems left to dry.  In 
hydroponic experiments capacitance readings were repeated three times (technical replicates). 
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Measuring capacitance in solid media 
Needles, clips, battery clamps and strips served as plant electrode (Fig. 2-2).  Unless stated 
otherwise, soil electrodes were placed in 5 cm distance from a plant, because shorter distances 
bore the risk of root injury.   Plant electrodes were attached to shoots either at 5, 10, or 15 mm 
height above flattened substrate surface.  Height was determined with a sliding calliper (Somet, 
Rijeka, Croatia).  The positions of plant electrode and rooting substrate were marked at the 
shoots with waterproof fine liner pens in different colours.  Needles pierced a stem at the pen-
mark, whereas clips and strips were attached such that their lower edges contacted the marks.   
 
Measuring capacitance in air 
The term “in air” describes capacitance measurements carried out with two electrodes on the 
plant material.  This can, but need not include the removal of the plant from its rooting medium.  
When measured on a plant in the ground, one ground electrode was attached to the stem at the 
substrate surface with second plant electrode connected above.   
 
2.1.3 Determination mass, plant dimensions and the soil water content  
Mass was determined, either with a mobile balance (CS 5000E, Ohaus, Pine Brook, USA) in 
situ or in the laboratory.  The mobile balance had a capacity of 5kg ± 1g and was used for 
assessing the weight of compost-filled pots.  Masses of soil and plant parts were determined 
with high-precision balances (LP 3200D, Sartorius, Göttingen, Germany or EP214, Ohaus, Pine 
Brook NJ, USA).  Plant material was dried at 80
o
C (Hotbox oven size 2, Weiss Gallenkamp, 
Loughborough, UK), for 48h, soil at 105
 o
C, for at least 72h. 
 Local plant dimensions, i.e. the cross-sectional area (Ac) and circumference ( ) were derived 
from the diameter ( ) which was determined with a graticule under the microscope (MZ75 or 
MZFIII, Leica Microsystems, Wetzlar, Germany).  In the case of young barley stems which 
show a rather elliptic structure Ac and  were derived from major and minor axis.  The cross-
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sectional area of hollow stems derived from subtracting the inner from the outer cross-sectional 
areas.  The total dimensions of a root system or an individual root, i.e. length, surface area and 
volume, were determined by an A3 desktop scanner (1640XL, Seiko Epson, Nagano, Japan) and 
analysis with WINRHIZO software (Regents Instruments, Quebec, Canada).  Root systems 
were first disentangled and fanned out with a fine paint brush.  To test the accuracy of 
WINRHIZO, diameters of thirty nodal roots were determined under the microscope and 
compared with the respective scan-data.  There was a high proportionality found between the 
two measures.  
 The soil water content was determined with a theta-probe (ML 2x, AT Delta-T devices, 
Rotherham, UK) in combination with a theta-meter (HH2, AT Delta-T devices).  The  -meter 
was set to ‘mineral soil’ for field soil and ‘organic soil’ for potting compost.  Rods were fully 
inserted into the soil with the central rod positioned at 5 cm distance from the plant.   
 
2.1.4 Statistics 
Average capacitance and resistance values were expressed as mean ± standard deviation (SD).  
If not stated otherwise, the values resulted from three replicates or three repeated measurements 
(technical replicates).  Technical replicates were necessary for and restricted to experiments in 
hydroponic systems, because lowering root systems into solution or lifting them out caused 
variations in the capacitance measurement.  Such variations were probably caused by variations 
of surface-water menisci as mentioned previously.  Regression analyses and t-tests were 
performed using Sigmaplot 11 or Sigmaplot 12 software (Systat Software, Inc. Chicago, IL, 
USA).  Regression coefficients are expressed as mean ± standard error (SE) from n 
determinations.  Multivariate biplots, scatter plots matrixes and diagnostic residuals plots were 
realized with GenStat thirteenth edition (VSN International Ltd., Hemel Hempstead, UK). 
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2.2 Preliminary experiments 
This section presents preliminary experiments that explored variation on root capacitance 
measurements for barley plants in hydroponics.   
 
2.2.1 Introduction 
The literature provides numerous findings of proportionality between capacitance and root mass 
and other root size parameters (Table 1-2).  These were commonly interpreted with the model 
proposed by Dalton (1995); (Ch.1, S. 2).  The literature also contains reports of correlations  
between capacitance and shoot mass (Pitre et al., 2010) and yield (Chloupek et al., 2010), 
respectively.  In the latter article however correlations were significant only in a small 
proportion of the cases and the regression coefficients were small.  Findings of proportionality 
between capacitance and root mass were often not consistent throughout the experiments (e.g. 
Kendall et al., 1982; Chloupek, 1977; van Beem et al., 1998; McBride et al., 2008), sometimes 
non-linear (e.g. Preston et al., 2004; Pitre et al., 2010), or not observed at all (Blomme et al., 
2004).  van Beem et al. (1998) found poor linear relationships between capacitance and mass 
when they combined the data of plants of different age.  One explanation could be a change in 
proportionality constant between capacitance and root mass with increasing plant age, as was 
observed by Dalton (1995).  The authors who reported these unexpected results concurred that 
they were caused either by (1) changing or different environmental conditions (Kendall et al., 
1982; Chloupek, 1977; Blomme et al., 2004), (2) differences in measurement equipment 
(McBride et al., 2008), or (3) plant-related changes due to development stage (Dalton, 1995; 
van Beem et al., 1998; Preston et al., 2004; Pitre et al., 2010).   
 The aim of the preliminary experiments was to investigate variations in plant capacitance 
measurement for barley plants in hydroponics.  Hydroponic systems promote easy access to the 
root system and avoid complications due to variations in the rooting medium.  This allowed 
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manipulations of a root system under consistent conditions and capacitance measurement with 
various electrodes.   
 
 
2.2.2 Material and methods 
Three experiments (I to III) were conducted.  The setups aimed at generating a wide range of 
root system sizes either by varying the available space (experiment I) or by measuring plants of 
different age (experiments II and III).   
 
Plant growth  
Barley caryopses were surface sterilized (Ch. 2, S. 1).  After germination the seedlings were 
transferred either into a nursing-basin and subsequently into tubes, or directly into the tubes 
(Table 2-2).   
 Plants were harvested either at once (experiment I) or in quartets (experiment II & III) by 
chopping root material off the shoot base.  The harvested material was stored between damp 
paper towel in sealed Petri dishes at 6 
ο
C in a fridge.   
 
Measuring capacitance, mass and root dimensions 
Capacitance and resistance were measured with an LCR-meter either from Motech (experiments 
I & II), or Extech (experiment III) with hairclip-, needle- or strip-electrodes (Fig. 2-2) being 
attached 20 mm high above the solution surface (see Table 2-2).   
 The fresh mass of root and shoot material was determined within the first week after harvest. 
 Total dimensions of a root or root system were determined by scan-analysis with WINRHIZO-
software, local dimensions, i.e. diameters at the solution surface position, by microscope (cf. 
Ch. 2, S. 1).  
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Table 2-2. Timelines of and, experimental conditions for, preliminary experiments (I – III) 
Key: DAS: days after harvest, n: number of plants, C: capacitance 
*           on harvest the selected plants were transferred into an extra tube for C-measurements to avoid   
             injuries of neighbouring plants due to the handling. 
**         tubes were filled to 0.85 m height with rough, sterilized gravel  
***       the wire extended the clip-electrode 28 DAS onwards to ensure electrical contact  with all tillers  
****     plant electrode was used as reference to the main, the strip-electrode. 
*****   4 plants were replaced by reserve plants from the nursing basin 7 DAS and 28 DAS. 
****** the fresh mass of 4 root systems was not determined, because material rotted due to fridge failure 
 
      
 Experiment I  Experiment II  Experiment III 
 DAS  DAS  DAS 
      
      
Sowing date 25.12.2008  02.03.2009  28.05.2009 
Transfer to basin 4  3  3 
Transfer to tubes 6  3  6 
      
C measurement 28  7, 10, 15, 19, 22, 25, 29, 32*  22-24, 26-30, 33-36, 38* 
Solution replenished 17, 22, 27  6, 10, 14, 18, 21, 28   7, 14, 21, 25, 29, 32, 36   
Harvest 28  22, 25, 29, 32  22-24, 26-30, 33-36, 38 
Aeration  airstone  nutrient circulation  airstone 
Container volume 
tube long (1m);  
(1m + gravel**)  
or short (0.25m) 
 1m tube  1m tube 
Plant electrodes  clips  clips, clips + wire***  
clips****, strips,  
needles**** 
n 24  16*****  32****** 
      
 
 
Treatments 
In experiment I three groups were formed experiencing different growth conditions (see Table 
2.2) and capacitance was measured on the plants in their tubes at harvest.  In experiments II and 
III capacitance was measured on the plants in their tubes at different stages of development.   
 In all three experiments capacitance was first measured for a whole root system in solution and 
the origin positioned five millimetres above solution.  Then individual roots were successively 
excised from the origin and capacitance remeasured after each excision.  The procedure went on 
until all but one root were removed from the solution.  Delta capacitance (Δ-C) that resulted 
from subtracting the capacitance measured after a root was excised from the capacitance 
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measured before the root excision was related to the mass of the excised root.  In experiment III 
a random selection of excised, unbranched nodal roots underwent a further treatment:  a strip-
electrode was attached to a root's cutting edge, before the root was incrementally lowered into 
solution and capacitance measured for each increment.   
 
2.2.3 Results and discussion 
The results obtained are presented in the chronological order of the experiments.   
 
Experiment I 
Root systems grown in short tubes showed an average fresh mass of 1.65 g (± 0.106 g SE, n = 
8), less than half of the mass of root systems grown in longer tubes (3.64 g ± 0.074 g SE, n=8) 
or in longer, but gravel-filled tubes (4.04 g ± 1.388 g SE, n=8).  The lengths the longest root 
system axis however reflected the space availability better:  Root systems in long tubes were on 
average 41% (±0.3% SD) longer than those in short tubes and 214% (±1.4% SD) longer than 
those in gravel. (Fig. 2-4a). No relationships were found between capacitance and root mass 
(Fig. 2-4b).  Excision experiment: occasionally, good linear relationships between capacitance 
and root mass were found for root systems for the successive removal of roots from solution 
(Fig. 2-4c).  However, correlations between capacitance and root number were often as close 
(Table. 2-3, Fig. 2-9a).  Plotting Δ-C against the masses of individual roots yielded no 
relationship (Fig. 2-4d).  
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Figure 2-4. Results of experiment I:  (a) Average lengths of the longest axis of a root system 
grown either in ( ) short tubes (n=8), ( ) long tubes (n=8), and (▲) long, gravel-filled tubes 
(n=8).  (b) Relationship between capacitance and root system fresh mass.  (c) Capacitance of 
plants from the -group measured for the successive removal of roots against the root mass in 
solution.  (d) Relationship between change in capacitance following removal of an individual 
root (Δ capacitance) and its fresh mass (n = 56).  Linear regressions see table (2-3). 
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Table 2-3. Linear regression equations for capacitance against root mass and number (Fig. 2-4c) 
Key: C: capacitance (nF); M: root fresh mass in solution (g); N: number of roots at the solution surface 
      
Plant symbol   
in Fig. 2-4c 
filled dotted x-hair crossed semi-filled 
 Line type 
in Fig. 2-4c 
solid long dash medium dash short dash dash-dot 
 Regression  M N M N M N M N M N 
           
      
 R
2
  0.907 0.922 0.907 0.869 0.857 0.905 0.904 0.872 0.929 0.941 
 gradient term 1.09 0.13 1.24 0.24 1.00 0.20 1.97 0.32 2.40 0.28 
 SE (gradient) 0.06 0.01 0.09 0.02 0.08 0.01 0.14 0.03 0.10 0.01 
      
 
 
The lack of a linear relationship between capacitance and root mass for both whole root systems 
and individual roots is inconsistent with the Dalton (1995) model.   
 Occasionally capacitance decreased linearly with root mass in solution (Fig. 2-4c), although 
correlations between capacitance and root number were equally good (Table 2-3, Fig. 2-9a).   
 
Experiment II 
Capacitance increased non-linearly during the 25d-observation period (Fig. 2-5a,b).  The 
increase in root mass with time was less clear, because plants were harvested on only four days.  
Capacitance showed a good linear relationship with root system mass (Fig. 2-5c) and an even 
better one with shoot mass (Fig. 2-5d, Fig. 2-9b).  However, there was no relationship found 
between Δ-C and mass of 200 individual roots during root excision (cf. Appendix).   
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Figure 2-5. (a, b) Results of experiment II: Development of the capacitance of 16 plants with 
time.  Relationship between the capacitance of the same plants and (c) root fresh mass and (d) 
shoot fresh mass.  Data points in (b) represent all plants until 22 DAS.  From then on the plant 
number is successively reduced by four due to harvest.  Data points in (c) and (d) represent the 
mean ± SD of three technical replicates. The power law regression was for (b) C = 8×10
-4
  (± 
5×10
-4
 ) M
2.72 (± 0.17)
 + 1.36 (± 0.196) (mean ± SE, n = 7, R
2
 = 996).  The linear regression was 
for (c) C = 1.01 (± 0.13) M + 4.25 (± 0.54) (mean ± SE, R
2
 = 0.808) and (d) C = 0.446 (± 0.035) 
M + 4.53 (0.314) (mean ± SE, R
2
 = 0.922).   
 
 
Although a linear relationship was found between capacitance and root mass, there was no 
relationship between capacitance and root mass for individual roots, like in experiment I (Fig. 2-
4d).  The regression line also shows a positive intercept, as is quite common for capacitance 
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versus root mass regressions (e.g. Chloupek, 1977; Chloupek et al., 2010; van Beem et al., 
1998; McBride et al., 2008; Tsukahara et al., 2009).   
 
A similar relationship between capacitance and mass was observed by McBride et al. (2008) 
and Pitre et al. (2010), the latter authors tested suggesting a logarithmic rather than a linear 
relationship.  It seems from these preliminary results that, whilst bigger plants have greater 
capacitance, there is often not direct proportionality. 
 
Experiment III 
The suitability of a strip-electrode for plant capacitance measurement was tested:  Capacitances 
measured with a strip-electrode were compared with the capacitances measured with a clip-
electrode and a needle-electrode, respectively.  Capacitance measured with a strip-electrode was 
on average 220% ± 19% (mean ± SE, n = 24, 22 DAS) of capacitance measured with a clip-
electrode.  The strip-electrode gave readings approximately by 9% ± 0.04% (mean ± SE, n = 8, 
25 DAS) higher than capacitance measured with a needle-electrode.   
 
The observation period here ended one week later than in experiment II.  In this week, 
capacitance showed an accelerated increase with time (Fig. 2-6a) and root mass (Fig. 2-6b).  
The surprisingly fast increase in capacitance during this last week was associated with three 
individual plants producing nodal roots that contacted the solution surface.  This suggests that 
the presence of even short nodal roots that contact the solution surface can have a large effect on 
capacitance.   As in experiment I and II there was no relationship found between the Δ-C and 
mass of 401 individual roots. 
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Figure 2-6. (a) Capacitance (C, nF) with time and (b) in relationship with root fresh mass (M, 
g) of 27 root systems.  Hollow circuits show values of plants from 36 DAS onwards and are not 
used in the linear regression equation.  Data represent the mean ± SD of three technical 
replicates. The exponential regression was for (a)  C = 4.3×10
-11
 (± 4.0×10
-10
) M 0.73 (± 0.248) 
+ 2.6 (± 2.47) (mean ± SE, n = 27, R
2
 = 0.728, P < 0.0001) and for (b) C = 1
0.55 ± 0.279
 DAS 
(mean ± SE, n = 27, R
2
 = 0.601, P < 0.0001) and The linear regression for () was C = 2.22 (± 
0.18) M (mean ± SD, n = 24, R
2
 = 0.675, P < 0.0001 ). 
 
 
Strip-electrodes were judged superior to the other electrode types in that they can easily contact 
an increasing number of stems, and were non-invasive electrodes.  Strip-electrodes gave the 
largest capacitance values, implying a better connection between electrode and plant than for the 
established clip- and needle-electrodes.  Therefore, the strip-electrode was used in all 
subsequent experiments for barley grown in hydroponics.   
 Root mass was much higher in experiment II, than in experiment III perhaps due to better 
growth conditions.  
 
Successive root cutting 
Only nodal roots were analysed, because seminal root systems were knotted together and could 
not be unravelled without tearing them apart.  Capacitance was closely related to the root cross-
sectional area (Ac) and total circumference (, but not to the total dimensions mass, length, 
volume and surface area (Fig. 2-7a).  Relationships between C and Ac (Fig. 2-7b) and  (Fig. 2-
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7c) were magnified illustrating that the first is more linear than the second.  The best fitting 
regression for C against  was a power relationship: C = 0.007 ± 0.0036 
 (mean ± SE, n = 94, R2 = 0.739, P < 0.0001).   
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Figure 2-7. (a) A matrix scatter plot showing the relationships between capacitance (C, nF) and 
different root size factors (Table 2-4), i.e. root fresh mass (M, g), length (L, mm), volume (V, 
mm
3
), surface area (As, mm
2
), and the root cross-sectional area (Ac, mm
2
) and circumference 
( , mm) at the solution surface of 94 individual nodal roots excised from 11 root systems 
harvested at different days.  The relationships between capacitance and (b) Ac and (c)  are 
shown as larger plots.  The linear regression was for (b) C = 0.489 (± 0.030) Ac + 0.03 (± 0.012) 
(mean ± SE, R
2
 = 0.710, P < 0.0001) and (c) C = 0.158 (± 0.012)  – 0.111 (± 0.023) (mean ± 
SE, R
2
 = 0.645, P < 0.0001).  Data represent the mean ± SD of three technical replicates.  
 
 
Table 2-4. Mean parameters of 94 individual nodal roots from 11 whole root systems (Fig. 2-7) 
Key: Ac = cross-sectional area, Φ = circumference, M = root fresh mass, L = length, V = 
volume, As = surface area, SE = standard error, WR = WHINRHIZO
®
  
Parameter C Ac   M L V As 
Unit nF mm
2
 mm g mm mm
3
 mm
2
 
                Mean 0.17 0.30 1.82 0.16 118.55 0.19 65.74 
SE 0.001 0.002 0.007 0.002 1.664 0.003 1.278 
Area of 
validity 
unknown 
solution  
surface 
solution  
surface 
whole 
root 
whole 
root 
whole 
root 
whole 
root 
Determined by  
LCR 
meter 
microscope microscope WR WR WR WR 
        
 
 
Nodal root immersion 
The incremental immersion of unbranched nodal roots resulted in a non-linear increase of 
capacitance with decreasing distance (D) between plant electrode and solution surface (Fig. 2-
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8a).  Capacitances measured at same distance varied little.  Consistently good linear 
relationships were found when capacitance was plotted against the reciprocal of the distance 
(Fig. 2-8b).  
 
 
Figure 2-8. Relationship between capacitance (nF) and (a) distance (cm) and (b) the reciprocal 
of the distance between plant electrode and solution surface for eight unbranched nodal roots in 
hydroponics.  Symbols represent different roots.  Linear regressions are listed in Table 2-5.  
 
 
Table 2-5. Linear regression equations for eight unbranched nodal roots from Fig. 2-8b 
Symbol n R
2 
a SEa Pa y0 SEy0 Py0 
         
         
 13 0.997 0.479 0.008 <0.0001 0.033 0.005 <0.0001 
 8 0.987 0.354 0.016 <0.0001 0.090 0.012 0.0002 
▲ 4 0.999 0.383 0.001 <0.0001 0.076 0.005 0.0008 
▼ 4 0.994 0.328 0.114 0.0001 0.014 0.014 0.0036 
 5 0.979 0.519 0.034 0.0001 0.072 0.033 0.0926 
 5 0.972 0.518 0.044 0.0013 0.101 0.046 0.1138 
 4 0.999 0.295 0.005 <0.0001 0.0614 0.005 0.0012 
 8 0.989 0.393 0.016 <0.0001 0.0986 0.012 0.0001 
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Our preliminary data suggests that plant tissue between solution surface and plant electrode 
seems to influence the capacitance measurement: root material at the solution surface acts as 
though in parallel as the linearity between capacitance and root cross-sectional area shows (Figs 
2-8b and 2-10c, d) while root material between solution surface and plant electrode act in series 
as Fig. 2-8b shows.  This suggests considering plant material as dielectric between two 
electrodes with the solution surface being equivalent to a second electrode.  This simple analogy 
implies that submerged root material has no influence on the capacitance reading which could 
explain the lack of proportionality between capacitance and total root size parameters (Figs 2-8a 
and 2-10c). 
 
Multivariate analysis 
Principal component analysis was applied with the intention to define a new set of meaningful 
variables summarising the total variation among the original variables allowing comparisons 
between the correlation between three and more dimensions.  Separate principal component 
analyses were run for each experiment.  Data were used from the experiments I, II and III to 
display the relationship between three or more variables always including capacitance, but also 
shoot mass, root number, and various root dimensions (Table 2-4).  Each principal component is 
a linear combination of the original variables so that the new axes represent a rotation of the 
original axes.  
 
The resulting  biplot for experiment I shows that the capacitance of individual roots is more 
closely correlated with root number, than root mass (Fig. 2-9a); the biplot for experiment II that 
capacitance of whole root systems and shoot mass are closer correlated with each other, than 
with root mass (Fig. 2-9b); the biplot for experiment II that the capacitance of individual roots is 
related to the root dimensions at the solution surface, As and , and not to the total root 
dimensions mass (g), volume (mm
3
) , length (mm), or surface area (mm
2
) (Fig. 2-9c). 
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Figure 2-9. Interpolative biplots of the 
dimensions (a) capacitance (C, nF), root mass 
(M, g), and root number (N) of 61 individual 
barley roots from experiment I (Table 2-3); 
(b) C, root system mass (Mr, g) and shoot 
mass (Ms, g) of 16 barley plants from 
experiment II (Fig. 2-4b); (c) C, M, root 
volume (V, mm
3
), root surface area (As, 
mm
2
),  root circumference at the solution 
surface (, mm), and root cross-sectional area 
at the solution surface (Ac, mm
2
) of 94 
individual barley roots from experiment III; 
and (d) C, , As of the same roots as in (c).  
Circles represent the scores that replace the 
original values, lines the original variables. 
Lines in the same direction indicate positive 
correlation; lines at right angles indicate no 
correlation.  The percentage variance 
explained by the each principal component 
displays how much of the total variation in the 
data the component accounts for. 
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2.2.4 Conclusions 
The preliminary experiments have shown that although linear correlations of capacitance and 
root system mass can be achieved, this is not always the case (e.g. Fig. 2-4b, d).  The work 
suggests that good correlations can be achieved between root system mass and the root total 
cross-sectional area at the solution surface:  Correlations between capacitance and root mass 
were only found for whole root systems (Fig. 2-5c), and not for individual roots (e.g. Figs 2-4d 
and 2-10c).  Their capacitances were more closer correlated with root dimensions at the solution 
surface than with any parameter for the total root size (Fig. 2-9a, c).  These findings cannot be 
explained with the Dalton (1995) model, but might be consistent with a simple analogy of the 
plant material between solution surface and plant electrode being equivalent to a dielectric 
material between two electrodes, the second electrode being the solution surface.  The analogy 
could explain why (1) unbranched roots acted more similarly to capacitors in serial connection 
along the root axis (Fig. 2-8), (2) multiple roots as capacitors in parallel connection (Table 2-3), 
and (3) root dimensions in solution were not related to the capacitance at all (Fig. 2-9c).   
 The strip-electrode gave larger capacitance values than needle- or clip-electrodes and ensured 
good contact between electrode and each tiller at all growth stages.  Furthermore it is a non-
invasive device allowing capacitance measurements at even very early stages of development 
where a needle would be more destructive.   
 A thorough re-evaluation of the capacitance technique is necessary.  This requires further 
investigations that aim to answer the following questions  
- Does root material provide capacitance equally?  
- How does root material in solution, at the surface, and out of solution influence the 
capacitance measurement? 
- Does the capacitance of the solution influence the capacitance measurement, as well?  
The next chapter presents a series of experiments that aims to answer these questions for barley 
growing in hydroponics.   
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3 TESTING THE DALTON MODEL OF CAPACITANCE FOR 
BARLEY IN HYDROPONICS 
The experiments in this chapter test the Dalton (1995) model for barley plants in hydroponics, 
using a range of treatments that included: raising roots out of solution, cutting roots at positions 
below the solution surface, and varying the distance between plant electrode and the solution 
surface.  The results of these tests proposed a re-evaluation of the physical basis for the 
electrical capacitance of plants in hydroponics.  This chapter forms the basis of a paper in the 
format of the Journal of Experimental Botany, and is kept largely in the same format (Dietrich 
et al., 2012).   
 
 
3.1 Introduction 
The most widely-accepted model to explain the capacitance of plant root systems was put 
forward by Dalton (1995).  He proposed a simple resistance–capacitance model (Fig. 3-1) to 
describe the underlying electrical pathways between an electrode in the root substrate and an 
electrode inserted into the base of the shoot.  The model considers roots to be equivalent to 
cylindrical capacitors.  It suggests that the plasma membranes of root cells serve as dielectrics 
(Dvořák et al., 1981) separating the soil solution from the inner solution and generating 
capacitance.  Accordingly, the boundary layers between the plasma membranes of root cells and 
these solutions are seen as equivalent to capacitor plates.  Thus, the capacitance of a root system 
would be linearly related to its size, analogous to the addition of capacitors when they are 
connected in parallel (Eqn 2).  Dalton’s model (1995) has gained wide acceptance, because the 
linear relationship between the capacitance and the size of a plant root system it predicts has 
been found for many different plant species in many different substrates (Table 1-2).  Dalton 
(1995) surmised that the suberized plant tissue of fully developed endodermis would act as an 
67 
 
 
 
 
 
insulator.  Hence, according to Dalton, the root capacitance would be provided predominantly 
by “active” apical parts of the root.  The model equates xylem and phloem vessels with wires 
that conduct the current to the plant electrode aboveground.  Thus, Dalton (1995) concluded that 
root-C would provide information about both the mass and the physiological “activity” of roots. 
Dalton (1995) observed what he called a “hyperbolic decrease of capacitance” with increasing 
distance between the shoot electrode and the soil surface and explained this by a network of 
resistance–capacitance elements in the shoot connected in series.  When capacitors are 
connected in series, the effective plate separation increases and the total capacitance (Ctotal) is 
then less than that of the smallest capacitor (Eqn 13).  The substrate (soil, sand, water, etc.) 
around the roots also provides capacitance, and the root system and substrate can be considered 
as two capacitors connected in series (Rajkai et al., 2005).  Hence, an accurate estimation of the 
capacitance of a root system requires either that the capacitance of the substrate is substantially 
higher than that of the root system or that it is known:  this criterion is met, at least in fine sandy 
subsoil at 1 kHz for sunflower root, according to Rajkai et al. (2005). 
 
Although Dalton’s (1995) key prediction of a linear relationship between capacitance and root 
mass is supported by a number of studies (Table 1-2), there are several examples of apparent 
failures of the model.  For example, the best fitting regressions are not always linear functions, 
but can be quadratic (Preston et al., 2004) and, even when a linear regression fits, the intercept 
often deviates from zero (e.g. van Beem et al., 1998; McBride et al., 2008).  To evaluate 
Dalton’s (1995) model more fully, we devised a series of tests using a hydroponic system to 
minimise complications resulting from the soil component of the electrical pathway.  These 
tests included: (1) using roots and root systems of different sizes and ages, (2) comparisons of 
nodal and seminal roots, (3) removal of parts of submerged roots and root systems, (4) changing 
the depth of submergence of roots and root systems, (5) varying the location of the plant 
electrode, and (6) measuring roots and root systems in air. 
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Figure 3-1. Resistance-capacitance (RC) circuits according to the Dalton (1995) model: (a) 
diagram of a plant root system with ten root tips showing the tissue separating the xylem 
solution from the nutrient solution, (b) electrical equivalent network of the root system showing 
the location of the RC components, and (c) the equivalent circuit for the root system.  Note that 
the individual RC components can have different values. 
 
 
 
3.2 Material and methods 
Plant material  
Barley caryopses were surface sterilised by soaking in a saturated 2% calcium hypochlorite 
solution for 15 minutes, then rinsed three times in distilled water.  The caryopses were 
germinated on paper towel moistened with sterile distilled water in a sterile Petri dish in the 
dark at 16ºC for four days.  Five days after sowing (DAS) 20 seedlings at similar stages of 
development were transferred to a 10 L basin in a controlled environment room.  Plants were 
illuminated for 18 hours daily with a photon irradiance (PAR; 400–700 nm) of 320 mol m-2 s-1 
at plant height.  The day/night temperature regime was 18°C/12°C.  The basin was filled with 
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nutrient solution (Table 2-1) and aerated through eight porous stones (Hagen Inc., Toronto, 
Canada). Air pressure was provided by an air pump (Motore Asincrono, No. G0225, Lafert 
Electric Motors Ltd., Cheshire, UK). Ten DAS, seedlings were transferred to plastic tubes of 50 
mm diameter, 1 m length and two litres volume (Fig. 3-2).  Each seedling grew in a separate 
tube containing a gently-bubbling, aerated, nutrient solution. Losses of water by evaporation 
and transpiration were replaced daily. The nutrient solution was replaced weekly and on the day 
before harvest.    
      
 
Figure 3-2. Experimental apparatus: (a) plants supported in foam within plastic tubes (50 mm 
diameter × 1 m length) containing aerated nutrient solution (not to scale), (b) capacitance 
measurement with one electrode (a stainless steel rod) submerged in the solution and the other 
(a strip of aluminium foil) wrapped around either a single root or the whole root system.   
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Measurement of capacitance   
Capacitance measurements were made on plants between 22 and 37 DAS to create root systems 
of a wide range of sizes.  For these measurements, foam, husk and dead leaves were removed, 
and plants were placed in tubes filled with fresh nutrient solution.  In the case of whole root 
systems, nodal roots that were too short to enter the solution surface by more than 2–3 mm were 
excised at the plant base.  This was necessary, because root tips that just touched the solution 
surface caused large variations in capacitance.  Capacitance was measured at 1kHz and 1V with 
an LCR-meter (Passive Component LCR Meter, Extech Instruments, Massachusetts, USA) 
connected to a ‘solution’ electrode and a ‘plant’ electrode via alligator clips.  The solution 
electrode was a stainless steel rod (length, 165 mm; diameter 3 mm) placed at the edge of the 
tube, of which 12 cm was submerged.  The capacitance readings were insensitive to electrode 
depth or position.  The plant electrode was a strip of aluminium foil (breadth 4 ± 0.5 mm; 8-fold 
thickness) wrapped around the plant tissue and clamped with the alligator clip. In a preliminary 
experiment the foil strip was found to be the gentlest and most flexible way of attaching the 
electrode to a plant when compared with subcutaneous needles (Dalton, 1995; Ozier-Lafontaine 
and Bajazet, 2005; Chloupek, 1977; Tsukahara et al., 2009; Blomme et al., 2004), with wires 
(Preston et al., 2004) or with clamping devices (Rajkai et al., 2005; Kendall et al., 1982; van 
Beem et al., 1998) which injured the plant.  The use of foil also gave more reproducible C-
values (data not shown).  The capacitance measurements performed are shown in Figure 3-3.  
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Figure 3-3. Capacitance measurements 
performed on whole root systems and single 
roots:  (a) Plant electrodes were attached to 
the top of the root system, roots were 
submerged to 5 mm from the plant electrode, 
and the capacitance measured.  Then, similar 
measurements were made with single 
excised roots.  (b) Plant electrodes were 
attached to the top of the roots, roots were 
submerged to 5 mm from the plant electrode, 
and the capacitance measured.  Then, roots 
were raised incrementally and capacitance 
was measured after each increment.  After 
this, roots were trimmed incrementally from 
the bottom and, after the removal of each 
increment, the remaining root was 
resubmerged to 5 mm from the plant 
electrode and capacitance measured.  (c) 
Roots were removed from the solution and 
plant electrodes were attached to the top of 
the roots.  Roots were partially submerged 
and capacitance measured.  Roots were then 
trimmed 1 – 2 mm below the solution 
surface and the capacitance remeasured.  
This procedure was repeated incrementally 
by further submergence and trimming until 
no root remained.  (d) Roots were removed 
from the solution and partially resubmerged.  
Then the plant electrodes were attached to 
roots 5 mm above the solution and 
capacitance measured.  Roots were trimmed 
1 – 2 mm below the solution surface and the 
capacitance remeasured.  This procedure 
was repeated incrementally by further 
submergence and trimming until no root 
remained.  (e) Plant electrodes were attached 
to the top of the roots, roots were submerged 
to 5 mm from the plant electrode, and the 
capacitance measured.  Roots were then 
raised incrementally and capacitance was 
measured after each increment until the 
entire root was removed from the solution.  
The root was then blotted with a damp paper 
towel and the alligator clip formerly attached 
to the solution electrode was clamped 
directly on to the root at different positions 
and the capacitance measured at each 
position. 
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Root mass and diameter 
After capacitance measurement, roots were stored for up to 20 d in damp paper towel sealed 
within Petri dishes placed in a fridge at 6 
ο
C. Root fresh mass (FM) was measured and root 
diameters determined using a microscope with eyepiece graticule (MZ75, MZFIII, Leica, 
Solms, Germany). Root cross-sectional areas (Ac) and circumferences ( ) were calculated 
assuming a circular geometry.  
 
Statistics 
Capacitance data are expressed as mean ± standard deviation (SD) from three repeated 
measurements (technical replicates).  Regression analyses and t-tests were performed using 
Sigmaplot 11 or Sigmaplot 12 software (Systat Software Inc., Chicago, IL, USA).  Regression 
coefficients are expressed as mean ± standard error (SE) from n determinations. 
 
 
3.3 Results and discussion 
The relationships between capacitance and mass for submerged roots (Fig. 3-3a)  
The finding of first experiments (Fig. 3-3a left) was a significant correlation between 
capacitance and mass across sixteen completely-submerged whole root systems of different ages 
and thus sizes (Fig. 3-4).  Dalton’s model (1995) predicts a linear relationship between 
capacitance and mass of roots submerged.  The linear regression line intercepts the y-axis at 221 
± 0.024 nF (mean ± SE, n = 16).  
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Figure 3-4. Relationship between capacitance (C, nF) and fresh mass (M, g) of 16 whole root 
systems of different ages submerged with 5 mm distance remaining between solution surface 
and plant electrode.  Linear regression: C = 0.115 (±0.012) M + 0.221 (±0.024) (mean ± SE, R
2
 
= 0.869, P < 0.0001).  Data represent the mean ± SD of three repeated measurements. 
 
 
In contrast to the results obtained for entire root systems (Fig. 3-4), when individual excised 
seminal and nodal roots were examined (Fig. 3-3a right), there was little relationship between 
capacitance and root mass (Fig. 3-5a).  This does not concur with the model of Dalton (1995).  
Significant linear relationships were obtained between capacitance and root cross-sectional area 
at the solution surface for both seminal and nodal roots (Fig. 3-5b).  The gradient of this 
relationship was 4.3-times steeper for seminal than for nodal roots.  Thus, seminal roots 
provided more capacitance per unit area than nodal roots.  This might be due to differences in 
the anatomy or morphology of seminal and nodal roots (Esau, 1977).  As apparent in figure 3-
5b, the cross-sectional area at the solution surface of seminal roots was generally less than that 
of nodal roots.   
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Figure 3-5. Relationships between capacitance (C, nF) and (a) fresh mass (mg) and (b) the sum 
of cross-sectional areas at the solution surface (Ac, mm
2) for (●) 48 seminal and (○) 103 nodal 
roots after excision from eight plants.  The roots were submerged with 5 mm between solution 
surface and plant electrode (see Fig. 3-3a).  There was no significant correlation between C and 
fresh mass for seminal roots or nodal roots. Linear regressions were forced through the origin 
and were for the relationships between C and A C = 121 (±4.4) Ac (R
2
 = 0.806, P < 0.0001) for 
seminal roots and C = 28.2 (±0.88) Ac (R
2
 = 0.771, P < 0.0001) for nodal roots (mean ± SE).  
Data represent the mean ± SD of three repeated measurements. 
 
 
Further evidence that capacitance is not linearly related to the root mass submerged (Figs 3-3b, 
3-3c, 3-3d) 
When roots were raised incrementally out of solution (Fig. 3-3b, left), capacitance decreased 
nonlinearly with each increment (Fig. 3-6a).  In the same experiment, capacitance increased 
nonlinearly with increasing root mass submerged (Fig. 3-6b).  These results do not agree with 
any model predicting a simple linear relationship between capacitance and mass of roots 
submerged.  It suggests that root tissues close to the plant electrode contribute 
disproportionately to the measured capacitance. Equivalent data were obtained when plant 
electrodes were attached to the top of the roots and roots were lowered incrementally into 
solution (Fig. 3-3c; Fig 3-7a).  There was an approximately linear relationship between 
measured capacitance and the reciprocal of the distance between the plant electrode and the 
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solution surface (Fig. 3-6c), which is that expected for capacitors connected in series along the 
root axis (Eqn 13). 
 
Trimming roots (Figs 3-3b right and 3-3c) did not affect capacitance (Figs 3-6d and 3-7b): 
linear regressions between capacitance before and after trimming did not differ significantly 
from a 1:1 relationship.  Again this is inconsistent with the model of Dalton (1995), which 
suggests that capacitance is determined by submerged root mass or the “active” apical parts of 
the root. Similar insensitivity to root excision was found for capacitance measurements by 
Matsumoto et al. (2001) and Kendall et al. (1982) and resistance measurements by Cao et al. 
(2010). 
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Figure 3-6. Examples of relationships between capacitance (nF) and (a) the distance (D, cm) 
between the plant electrode and the solution surface and (b) the fresh mass (mg) of submerged 
root tissue when roots were raised incrementally out of solution (Fig. 3-3b left).  Data are shown 
for a whole root system (circles), an excised seminal root (triangles) and an excised nodal root 
(squares) from a survey of four whole root systems and 10 individual roots.  (c) The relationship 
between capacitance (C) and the reciprocal of the distance (1/D) between plant electrode and 
solution surface.  The linear regression was forced through the origin and was for the root 
system  C = 186.43/D ± 12.02 (mean ± SE, n = 11, R
2
 = 0.949, P < 0.0001), for the seminal root 
system C = 22.96/D ± 1.48 (mean ± SE, n = 14, R
2
 = 0.936, P < 0.0001), and for the nodal root 
C = 10.82/D ± 0.96 (mean ± SE, n = 8, R
2
 = 0.925, P < 0.0001).  (d) The relationship between 
capacitance measured after (Ca) and before (Cb) complete trimming of the submerged root (Fig. 
3-3b right).  The linear regression was Ca = 0.997 ± 0.002 Cb + 0.323 ± 0.364 (mean ± SE, n 
=14, R
2
 = 1.000).  Data are shown for four whole root systems (circles), two excised seminal 
roots (triangles) and eight excised nodal roots (squares).  Data represent the mean ± SD of three 
repeated measurements. 
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Figure 3-7. (a) Relationship between capacitance and the distance between the plant electrode 
and the solution surface, when roots were lowered incrementally into solution (Fig. 3-3c).  (b) 
The relationship between capacitance measured after (Ca) and before (Cb) trimming of the 
submerged root (Fig. 3-3c).  The linear regression for the combined data was Ca = 1.008 ± 0.01 
Cb -1.47 ± 1.17 (mean ± SE, n = 29, R
2
 = 0.998).  Points represent the mean ± SD of 3 repeated 
measurements.  Data are shown for a whole root system (circle), an excised seminal root 
(triangle) and an excised nodal root (square).  Capacitance was measured at increments of 1 cm 
for the first 6 cm and in increments of 3 cm thereafter. 
 
 
Capacitance depends strongly on root cross-sectional area at the solution surface (Fig. 3-3d) 
Capacitance was measured at different positions on an individual root or root system, in each 
case with the electrode 5 mm above the solution surface (Fig. 3-3d).  Complex relationships 
were observed between capacitance and position (Fig. 3-8a).  Maximal capacitance occurred in 
both whole root systems and seminal roots where the number of secondary roots was greatest.  
In general, young whole root systems had greater capacitance than young seminal roots which 
in turn had greater capacitance than nodal roots.  Trimming roots (Fig. 3-3d) did not affect 
capacitance (P>0.1; data not shown).  Total root cross-sectional area at the solution surface 
varied in the same way as capacitance with position (Fig. 3-8b).  The relationship between 
capacitance and cross-sectional area at the solution surface was linear for any individual root or 
root system (Fig. 3-8c; Table 3-2).  This confirms the previous observation that capacitance was 
linearly related to cross-sectional area at the top of the root when fully submerged (Fig. 3-5b).   
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The slopes of these relationships were greater for whole root systems and branched seminal 
roots than for unbranched nodal roots (Table 3-2).  There were large differences between slopes 
for individual seminal roots.  The regressions between capacitance and cross-sectional area at 
the solution surface usually passed through the origin, though intercepts were occasionally 
found (intercepts not shown; there were very few such cases and no obvious characteristics of 
roots with intercepts were observed).  The R
2
 values for regressions of capacitance against sum 
of circumferences of individual roots at the solution surface and against the total cross-sectional 
area at the solution surface were not consistently different (Table 3-2).  Therefore it is unclear as 
to which relationship is stronger.  
 
 
Figure 3-8. The relationships between (a) 
capacitance and the position of the electrode on 
the root system (Fig. 3-3d), where position 
refers to distance from the plant base, and (b) 
the sum of root cross-sectional areas (Ac) at 
the solution surface and the position of the 
electrode on the root system, and (c) between 
capacitance and Ac.  Examples are shown for 
a whole root system (circles), a seminal root 
(triangles), and a nodal root (squares).  Data 
represent the mean ± SD of three repeated 
measurements.  Linear regressions provided in 
Table 3-2 (last root system; second-last 
seminal root; third-last nodal root). 
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Table 3-1. Linear regressions forced through the origin for capacitance against the root cross-
sectional area and sum of circumferences of individual roots at the solution surface.  P values 
were <0.0001 for all regressions.  
Key: DAS: days after sowing, C: Capacitance (nF), A:  cross-sectional area (mm
2
), : sum of 
circumferences of individual roots (mm), SE(b): Standard error of coefficient 
    C = b.A  C=b. 
Root type DAS n  b SE(b) R
2
  b SE(b) R
2
 
                      root system 22 11  103 2.8 0.967  9.09 0.84 0.567 
root system 22 13  190 11.4 0.853  13.6 0.64 0.906 
root system 22 12  208 17.0 0.759  17.9 0.61 0.950 
root system 24 14  145 5.6 0.923  14.2 0.62 0.900 
seminal root 22 12  265 16.5 0.929  16.6 0.60 0.977 
seminal root 27 9  165 10.7 0.930  10.7 0.73 0.922 
seminal root 28 9  109 5.9 0.954  12.9 0.69 0.955 
seminal root 30 13  146 7.1 0.940  9.46 0.64 0.887 
seminal root 32 11  72 3.1 0.946  4.54 0.23 0.926 
seminal root 34 7  80 4.6 0.952  6.83 0.41 0.948 
seminal root 37 11  92 8.2 0.837  25.5 1.95 0.879 
seminal root 37 9  144 4.2 0.989  11.1 0.32 0.989 
seminal root 37 10  125 4.2 0.980  12.0 1.04 0.876 
seminal root 37 9  82 4.3 0.965  9.13 0.44 0.971 
nodal root 28 6  27 0.9 0.941  6.76 0.56 0.632 
nodal root 29 13  55 4.7 0.341  12.5 0.41 0.895 
nodal root 29 13  36 1.1 0.780  9.06 0.28 0.780 
nodal root 37 9  53 2.0 0.857  12.9 0.63 0.757 
nodal root 37 9  43 0.8 0.953  11.6 0.55 0.673 
           
 
 
Capacitance of roots out of solution (Fig. 3-3e right) 
The capacitance measured in plants in air, when electrodes were placed at the base of the shoot 
and at any point on the root system (Fig. 3-3e), equalled the capacitance measured in the 
hydroponic system when the root system was raised out of solution to the same point (Fig. 3-9).  
These values followed a 1:1 line.  This confirms that the root below the solution surface has 
negligible effect on the measured capacitance, which depends only on the material between the 
plant electrode and the solution surface. 
80 
 
 
 
 
 
 
 
Figure 3-9. Relationship between the capacitances of roots measured in solution against 
capacitance measured at an equivalent separation of electrodes in roots removed from solution 
(Fig. 3-3e).  Examples are shown for a whole root system (circles), a seminal root (triangles), 
and a nodal root (squares).  Data represent the mean ± SD of three repeated measurements.  The 
line indicates a 1:1 relationship. 
 
 
Towards a new model for root capacitance  
The model of Dalton (Fig. 3-1) is consistent with the initial observations reported here (i.e. the 
linear correlation between capacitance and root mass; Fig. 3-4), but it cannot explain the other 
observations herein (Figs 3-5 to 3- 9).  The observation that root capacitance is dominated by 
the capacitance of the tissue between the solution surface and the plant electrode has led us to 
formulate an alternative model (Fig. 3-10); this has some similarities to the one proposed by 
Cao et al. (2011).   
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Figure 3-10. Resistance–capacitance (RC) circuits according to the revised model: (a,c) 
diagrams of barley plants with five root tips, (b,d) electrical equivalent networks of the root 
systems showing the location of the RC components, (a,b) RC circuits for a completely 
submerged root system, (c, d) RC circuits for a partly submerged root system.  The sub-circuit 
that largely determines the capacitance is ringed to emphasise its importance.  Note that the 
individual RC components can have different values. 
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The basics of the new model are as follows.  (1) The capacitance of the solution is much greater 
than the capacitance of the plant tissue (preliminary experiments suggest that this is also the 
case in soil at field capacity).  (2) The capacitances of tissues along an unbranched root can be 
considered as connected in series.  (3) The capacitances of multiple unbranched root sections 
comprising the whole root system act in parallel, but reduce to the equivalent of a single 
capacitor.  (4) The capacitances of individual roots are directly proportional to their cross-
sectional area or circumference  (Fig. 3-5b; Table 3-2), though different constants of 
proportionality may apply to different roots. 
 
The new model is consistent with all of the observations.   For example:  A linear correlation 
between capacitance and root mass (Fig. 3-4) is explained in the new model by the capacitance 
being proportional to root cross-sectional area at the solution surface.  The positive intercept for 
the relationship between capacitance and root mass (Fig. 3-4) is due to the substantial 
contribution to the measured capacitance of the plant material between the solution surface and 
the plant electrode.  The lack of correlation between the capacitance of individual roots and their 
fresh mass shown in the experiments (Fig. 3-5a) occurs because the root cross-sectional area at 
the solution surface varies independently of root mass.  The non-linear relationship between 
capacitance and the distance between the plant electrode and solution surface (Figs 3-6a, 3-7a) 
fits a reciprocal relationship which is that expected of a series of capacitors along the root axis.  
The lack of effect of trimming roots below the solution surface (Figs 3-6d, 3-7b) is explained by 
root of below the solution surface having negligible effect on the measured capacitance, which 
implies that the material between the plant electrode and the solution surface dominates 
measured capacitance.  This is also consistent with the 1:1 relationship between the capacitance 
measured in plants in air, when electrodes were placed at the base of the shoot and at any point 
on the root system, and the capacitance measured in the hydroponic system when the root 
system was raised out of solution to the same point (Fig. 3-9).  The complex relationship 
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between capacitance and electrode position on the root (Fig. 3-8a, b) can be explained by the 
variation in root cross-sectional areas with position.  This effect can be incorporated into the 
model by correcting the capacitance estimate through weighting the values according to the 
variation in cross-sectional area.  This can be achieved by calculating capacitance according to 
the following equation: 
 
1
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C                   (7) 
 
where, Ai  is the cross-sectional area of the i
th
 segment of root of length d, where the 
summation is along n segments of root.  An example of this relation is given in Figure 3-11, 
using data recalculated from Figure 3-8, where A is in mm
2
, and d is in cm. 
 
 
Figure 3-11. The relationships between capacitance and the reciprocal of cumulative 
distance/area 
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 (Eqn 7) for a whole root system (circles), a seminal root (triangles) 
and an unbranched nodal root (squares).  The linear regression coefficients for the relationship  
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were C = 491.3
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 (R
2
 = 0.989, P < 0.0001, n = 9) for the nodal root.  Values were calculated from 
data presented in Figure 3-8 (where A is in mm
2
, and d is in cm), and represent the mean ± SD 
of three repeated measurements. 
 
 
Remaining questions include:  (1) Why is the linear relationship between capacitances and root 
cross-sectional area good for individual roots, but differs between roots?  This might be related 
to differences in anatomy, for example, between nodal and seminal roots.  (2) What is the 
underlying physical basis for the good relationship between measured capacitances and root 
cross-sectional area (or circumference)?   One possible analogy is to consider the plant tissue as 
a homogenous dielectric material of dielectric constant , of cross-sectional area A and thickness 
d.  The capacitance would then be given by Equation 4.  (3) How do the measurements made in 
hydroponics relate to measurements made in other growth media?  In the new model the 
measured capacitance is dominated by the total cross-sectional area of root near the solution 
surface and its distance from the plant electrode.  Thus, the measured capacitance can provide 
an estimate of the number of roots at the solution surface if these two variables are related, 
thereby allowing capacitance to “measure” the developmental stage and growth rate and the size 
of a plant’s root system.  The location of the interface between root and soil solution will have a 
great influence on the measured capacitance.  Indeed, the new model explains why the measured 
capacitance is lower in dry soil than in wet soil (c.f. Dalton, 1995; Kendall et al., 1982).  This 
arises because there is less effective contact between the plant and the root–soil solution menisci 
distributed along the root surface. 
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3.4 Conclusions 
In conclusion, the measurements of electrical capacitance of barley roots were inconsistent with 
the model of Dalton (1995) in many respects.  This necessitated a new model for the underlying 
electrical pathways (Fig. 3-10); this new model was consistent with all observations herein.  It 
approximates the root tissue as a continuous dielectric and, therefore, root capacitances can be 
calculated according to established physical principles.  Root capacitance is dominated by the 
tissue between the plant electrode and the solution surface and closely related to the cross-
sectional area (or circumference) of the root at the solution surface.  Measurements of root 
capacitance are applicable to studies of root development, although the data obtained should be 
interpreted in the context of the new model.  This cautions that the results will be dominated by 
only a small fraction of the total plant root tissue. 
 
Chapter 4 describes series of experiments to investigate the capacitance of wheat and barley 
plants grown in compost, soil, and sand.  Water regime within the rooting substrate is varied 
systematically, in a manner analogous to the experiments in Chapter 3. 
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4 ELECTRICAL CAPACITANCE OF PLANTS IN SOLID 
MEDIA 
This chapter describes results of experiments to investigate the capacitance of cereal plants in 
compost, sand and in field soil. The effects of water distribution, the role of aboveground plant 
material, and the role of the plant electrode were investigated.  The results described have been 
submitted as an article in the Journal of Applied Botany and this is based largely on the content 
of this paper.   
 
 
4.1 Introduction 
Many studies have reported good correlations between root mass and electrical capacitance, 
measured between an electrode inserted at the base of the stem and an electrode in the rooting 
substrate (e.g. Dalton, 1995; Ozier-Lafontaine and Bajazet, 2005; Chloupek, 1977; van Beem et 
al., 1998; McBride et al., 2008; Preston et al., 2004; Tsukahara et al., 2009).  Linear 
relationships between root mass and electrical capacitance have been interpreted using an 
electrical model proposing that roots behave as cylindrical capacitors and their capacitances can 
be added together as though wired in parallel (Dalton (1995).  This model was tested in 
hydroponics (Ch. 3) finding that the capacitance of barley (Hordeum vulgare L.) appeared to be 
determined, not by the mass of their root system, but by the cross-sectional area of roots at the 
solution surface.  It was also observed (a) that capacitance was not linearly related to the mass 
of roots in solution when root systems were partly submerged and (b) that excising the root 
below the solution surface had negligible effect on the capacitance measured.  These 
observations are inconsistent with the model of Dalton (1995).  The new model for plant 
capacitance was proposed in Chapter 3 suggesting that plant tissue behaves as a continuous 
dielectric and, provided the capacitance of the tissue is much smaller than that of the rooting 
88 
 
 
 
 
 
substrate, the capacitance measured in hydroponics is dominated by tissue between the solution 
surface and the electrode attached to the plant.  The new model suggests that the measured 
capacitance will be inversely proportional to the distance between the plant electrode and the 
solution surface.  This model remains to be tested in solid rooting substrates, where both the 
capacitance of the substrate and the contact between roots and solution are likely to be smaller 
than in hydroponics and will vary with the water content of the rooting substrate.  In this 
chapter, the ability of the new model to explain capacitance measurements made on cereals 
growing in sand or in compost in the glasshouse, or in a sandy-loam soil in the field, was tested 
under various water regimes. 
 
 
4.2 Material and methods 
Experiment 1: Capacitances of compost and soil 
The capacitances of compost and soil were measured using an LCR Meter (Extech 130193; 
Extech Instruments, Waltham, MA, USA) in the laboratory at a range of water contents, using 
16.5 cm long stainless steel rods (diameter 3 mm) as parallel electrodes separated by up to 40 
cm. Compost (approx. 0.85 v/v peat, 0.1 v/v sand, 0.05 v/v vermiculite) contained 1 kg m
-3
 of 
cellulose-based water management additive (Celcote, Certis, Wiltshire, UK), 2.5 kg m
-3
 of a 
1:1-calcium-magnesium limed mix, and 4.25 kg m
-3
 of NPK-fertilizer (Osmocote “Exact Hi 
Start, 5-6M”, Scotts, Baulkham Hills, Australia).  Soil was collected from East Loan Field 
(latitude 56.4560°N, longitude 3.0800°W), The James Hutton Institute (JHI), Dundee, UK.  
Compost or field soil was placed in a plastic container (60 cm long × 40 cm wide × 11 cm deep) 
with drainage holes and irrigated with tap water to a water content approaching field capacity.   
Nine rod electrodes were inserted into the compost or soil in a line.  The compost or field soil 
was then allowed to dry for 65 days and capacitance and water content were measured 
periodically at five locations in the substrate.  The volumetric water content of the compost or 
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soil was measured using a theta probe (ML2x, Delta-T Devices, Cambridge, UK).  Soil 
capacitance was also measured in the field as a function of electrode separation using steel rod 
electrodes, at a soil water content of 0.223 cm
3
 cm
-3
, 30 min after rain. 
 
Experiment 2: Wheat (Triticum aestivum L.) grown in sand in the glasshouse 
Grains of forty cultivars of winter wheat were imbibed for 3 to 5 hours in water and then 
sterilized in a solution of 2% calcium hypochlorite for 15 minutes.  Sterilised grains were rinsed 
in distilled water and placed between sheets of moist filter paper in Petri dishes.  The Petri 
dishes were covered with aluminium foil and incubated at a temperature of 4
o
C for 7 days.  
Seedlings with similar leaf development were selected and transferred on 24
th
 October 2008 to 
vertically aligned plastic tubes (1 m length, 5 cm  diameter) lined with heavy duty black plastic 
sheeting and filled with a gravel–grit–sand mixture (40:40:20 by volume, 6:7:4 by weight) over 
0.1 m
3
 gravel. The bottom of each tube was covered with 0.5 mm pore size nylon mesh.  
 The tubes were arranged in 42 rows and 12 columns in a compartment of a Cambridge-type 
glasshouse at JHI, Dundee, UK (latitude 56.4566°N, longitude 3.0708°W).  Four rows 
constituted a block.  The experimental plants were completely surrounded by guard plants (cv. 
Hereward) occupying all tubes in rows 1 and 42 and columns 1 and 12.  Individuals of each of 
forty cultivars were randomly assigned to one of forty tubes in each block.  The compartment 
was set to maintain temperatures of 20
o
C by day and 15
o
C at night using automatic vents and 
supplementary heating.  Daylight was supplemented by artificial lighting (MASTER SON-T 
PIA Green Power; Philips, Guildford, UK) to maintain an irradiance greater than 200 W m
-2
 for 
16 h each day. 
 Prior to the transfer of seedlings, all tubes were flushed with water delivered at 9 mL/min 
through drip feeders using a HortiMaX Irrigation Computer (Aqua 500; HortiMaX, Pijnacker, 
The Netherlands).  Following the transfer of plants to tubes, each tube was fertigated daily at 
03:00 am for 3 to 6 min with a mineral solution containing 4.359 mM K
+
, 2.1 mM Ca
2+
, 2.0 mM 
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NH4
+
, 0.75 mM Mg
2+
, 10.0 µM FeNaEDTA, 1.0 µM Mn
2+
, 1.0 µM Zn
2+
, 0.25 µM Cu
2+
, 4.2 
mM Cl
-
, 4.0 mM NO3
-
, 1.75 mM SO4
2-
, 0.307 mM H2PO4
-
,  12.5 µM H2BO3 and 0.25 µM 
MoO4
2-
, and weekly for 1 to 2 min with a solution of 2.1 mM CaCl2, both delivered at 9 mL/min 
using a HortiMax GPS Irrigation Computer.  Solutions were supplied to the fertigation system 
through a Dosatron (DI 16; Dosatron International, Bordeaux, France).  
 Vernalisation was achieved by moving tubes containing plants on 19
th
 November 2008 to a 
growth chamber supplying 12 hours light daily, running at 4 
o
C.  Whilst plants were in the 
growth chamber all tubes were placed in containers containing a pool 1 cm deep of water.  
Plants were removed from the growth chamber and returned to the glasshouse on 7
th
 January 
2009 and fertigation was resumed.  Plants were harvested at commercial maturity, between 18
th
 
and 27
th
 May 2009, when the grain moisture content approximated 8–10 % fresh mass. 
 At harvest, shoots were cut at the surface of the sand, and the base of the shoot plus roots 
remained in the sand. Selected sand columns were then irrigated with tap water until it flowed 
from the bottom of the tubes.  Approximately 30 minutes after irrigation, when no water was 
pooled on the surface of the sand, a 16.5 cm long stainless steel rod electrode (diameter 3.2 mm) 
was inserted approximately 10 cm into the sand about 2.5 cm away from the base of a shoot.  A 
second electrode, made from a stainless steel needle (NN-2325R, 0.6 x 25 mm Terumo, Leuven, 
Belgium), was inserted through the bases of the main stem and tillers.  Electrodes were then 
connected to an Extech LCR Meter using the test leads supplied by the manufacturer. 
Capacitance was measured by applying 1 V at a frequency of 1 kHz.  No difference was found 
in the relationships between root mass and capacitance measurements between LCR meters. 
Capacitance measurements were made on 1 to 5 replicate plants of 35 cultivars of winter wheat 
(A50-03, Alchemy, Avalon, Batis, Brompton, Caphorn, Claire, Cordiale, Deben, Dover, 
Einstein, Enorm, Flanders, Gatsby, Gladiator, Gulliver, Hereward, Isengrain, Lynx, Malacca, 
Maris Widgeon, Mascot, Monopol, Ochre, Opus, PBIS, Petrus, Rialto, Riband, Robigus, 
Scorpion 25, Soissons, Sokrates, Solstice, Zebedee).  Roots were washed free of sand and their 
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fresh mass was determined.  Root material was dried at 70
o
C in an oven for 3 days before their 
dry mass was determined. 
 
Experiment 3: Barley (Hordeum vulgare L.) grown in compost in the glasshouse 
Caryopses of barley (cv. Optic) were surface sterilised using a solution of 2% calcium 
hypochlorite for 15 min.  Sterilised caryopses were sown into plastic pots (height 20.5 cm, 
volume 2.97 l) each filled with 1.9 kg of the compost mixture described in Experiment 1 at a 
depth of 3 cm.  Pots were placed in a glasshouse compartment at JHI on 31
st
 September 2010 
and watered daily.  A polyethene mesh (9.5 threads mm
-1
, Tildenet, Bristol, UK) was used to 
retain the compost in the pots during inversion.   
 Capacitances of 43 plants were determined between 43
 
and 45 days after sowing (DAS).  
Capacitances were first measured using an Extech LCR Meter between a needle electrode 
inserted into the stem about 3.3 mm above the surface of the compost and a steel rod electrode 
in the compost.  The capacitance of the stem tissue was then determined.  To achieve this, the 
compost surface position was first marked on the stem of each plant with a waterproof pen.  
Then, stems were cut about 2 cm below the compost surface and removed from the compost.   
The capacitance was measured between an electrode contacting the stem at the compost surface 
mark and the original needle electrode site.  The diameter of all tillers was determined.  Shoot 
circumference and cross-sectional area of the hollow stems were calculated from perpendicular 
diameters of inner and outer surfaces at the position of the plant electrode and the soil surface. 
Calculations took into account that mature shoot pieces were elliptic and hollow.  Thus the 
cross-sectional area was calculated by A = ab with a as the semi-major and b as the semi-
minor axis.  Compost was washed off the root material, which was dried with a paper towel and 
weighed (EP214, Ohaus, Pine Brook NJ, US).  
 Watering was suspended for a further 70 plants from 45 DAS.  Capacitance measurements were 
made on these plants between 65 and 75 DAS before, during, and after the various controlled 
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water treatments described in Fig. 4-1.  The average height of the plant electrode above the 
compost was 5 mm.  The position of the transition between wet and dry compost was observed 
using a snake camera (Model no. 8803AL, Goscam, Shezhen, China) in 14 pots that were 
furnished with a clear, scaled plastic tube (20 cm length, 5 cm diameter) for this purpose. 
 
 
Figure 4-1. Controlled irrigation treatments performed in Experiment 3.  Watering of compost-
filled pots containing barley plants was suspended from 45 DAS and, 65 to 75 DAS, the pots 
were randomly split into two groups.  (a) One group of 35 pots were turned upside down and 
placed in a water-filled basin for 10 s.  Bricks in the basin served as supports and ensured that 
only the first centimetre of the top soil was wetted.  Pots were then removed from the basin and 
placed upside down on bricks to drain for 15 min.  Plants were then turned upright again and 
any compost adhering to the shoot was removed.  Capacitance was then measured using an 
Extech LCR Meter between a needle electrode inserted into the stem of plants about 5 mm 
above the surface of the compost and a steel rod electrode in the compost.  The pots were 
irrigated from above twice in the evening and once in the morning to a water content 
approaching field capacity.  Capacitance was then remeasured.  (b) The second group of 35 pots 
were placed in a basin which was then filled with water to a depth of 4 cm.  After 20 s the pots 
were taken out and capacitance was measured using an Extech LCR Meter between a needle 
electrode inserted into the stem of plants about 5 mm above the surface of the compost and a 
steel rod electrode in the compost.  Pots were returned to the basin, which was filled with water 
to a greater depth.  After 20 s pots were removed from the basin and capacitance was 
remeasured.  This procedure was repeated until the water in the basin was level with the surface 
of the compost. 
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Experiment 4: Barley grown in soil in the field 
Winter barley (cv. Siberia) was grown in the field at JHI in 2010 and 2011.  Caryopses were 
sown in East Loan Field (latitude 56.4560°N, longitude 3.0800°W) on 6
th
 October 2009 and in 
East Pilmore Field (latitude 56.4577°N, longitude 3.0718°W) on 25
th
 September 2010.  
Capacitance measurements were performed between 26
th
 July and 14
th
 August 2010, and on 20
th
 
August 2011. In 2010 and 2011, capacitance was measured using an Extech LCR Meter 
between a needle electrode inserted into one or more tillers of a barley plant 1.5 cm above the 
ground and a steel rod electrode in the soil.  The soil around the shoot was then irrigated with 10 
cm
3
 of water and capacitance was measured 20 s later.  This procedure was repeated until 100 to 
200 cm
3
 water had been added to the soil. In 2011, two steel rod electrodes were inserted in the 
soil close to pairs of neighbouring plants after irrigating the soil around each of the two plants 
with 100 cm
3
 water and the soil between the two plants with 100 cm
3
 water.  The capacitance 
was then measured between different combinations of needle electrodes inserted in the tillers 
(either 3 mm or 15 cm above the soil surface) or the steel rod electrodes in the soil, as will be 
described in the Results section.  This experiment was conducted on five plant pairs.   
 
Statistics 
Regressions were performed using Sigmaplot 12 software (Systat Software, Chicago, IL, USA).  
Data and regression coefficients are expressed as mean ± standard error (SE) from n 
determinations.  In linear regressions, when the intercept did not differ significantly from zero, 
the regression was forced through the origin. 
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4.3 Results 
Capacitances of compost and soil increase with water content 
When measured with an electrode separation of 10 cm, the capacitances of both compost and 
field soil increased with increasing water content (Fig. 4-2a, b).  This is consistent with previous 
studies (e.g. Robinson et al. 2005; Kizito et al. 2008; Wu et al. 2011).  When capacitance was 
measured in compost at a water content of 0.447 cm
3
 cm
-3
, it decreased with increasing 
electrode separation (Fig. 4-2c).  When capacitance was measured in soil in the laboratory at a 
water content of 0.263 cm
3
 cm
-3
 or in the field at a water content of 0.223 cm
3
 cm
-3
, it also 
decreased with increasing electrode separation (Fig. 4-2c).  Soil capacitance, measured in the 
field appeared to be inversely proportional to electrode separation (Fig. 4-2d).   
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Figure 4-2. (a)  Relationship between the capacitance of compost and its water content 
measured with an electrode separation of 10 cm.  (b) Relationship between the capacitance of 
soil and its water content measured in the laboratory with an electrode separation of 10 cm.  (c) 
Relationships between the capacitance of compost (), of soil measured in the laboratory () 
and of soil measured in the field () and electrode separation.  (d) Relationships between the 
capacitance of compost (), of soil measured in the laboratory () and of soil measured in the 
field () and the reciprocal of electrode separation.  In panels (c) and (d) capacitances were 
measured at water contents of 0.447 cm
3
 cm
-3
 for compost, 0.263 cm
3
 cm
-3
 for soil measured in 
the laboratory, and 0.223 cm
3
 cm
-3
 for soil measured in the field.  Data for panels (a) and (b) 
represent means ± SE of 5 independent measurements of capacitance and water content.  Data 
for panels (c) and (d) represent means ± SE of up to 5 independent measurements of 
capacitance.  The linear regression in panel d is y = 4.00x + 3.00 (R
2
 = 0.967, n = 8 electrode 
separations). 
  
96 
 
 
 
 
 
Capacitance is correlated with root system mass in wheat grown in sand columns 
In the sand-column study (Experiment 2), a close linear relationship was found between the 
capacitance of wheat plants of different cultivars and root dry mass (Fig. 4-3).  These data show 
that a linear relationship between capacitance and root mass can be obtained across many cereal 
genotypes in a sand culture system.  However, it is possible that this relationship arises because 
of allometric relationships between root mass, cross sectional area of roots near the surface of 
the sand, and plant tissue between the surface of the sand and the electrode attached to the plant.   
 
 
Figure 4-3. Relationship between the capacitance of wheat plants of different cultivars grown in 
sand columns and their root dry mass. The linear regression was y = 0.416x + 0.149 (R
2
 = 
0.753, n = 67 stems).   
 
 
Maximal capacitance of barley plants requires local wetting of substrate around the base of the 
stem 
The capacitance of barley plants growing in dry substrate was much smaller than in wet 
substrate (Fig. 4-4).  Wetting either the top centimetre of the compost (Experiment 3; Fig. 4-1a) 
or the soil immediately around the shoot base with 1.0–2.5 cm3 water (Experiment 4) sufficed to 
increase the capacitance to the values recorded in fully wetted soil (Fig. 4-4).  Further wetting 
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had only marginal effects on the capacitance.  This is consistent with recommendations in the 
literature to perform capacitance measurements on plants in wet substrate (Dalton, 1995; 
Kendall et al., 1982; Chloupek, 1977; van Beem et al., 1998; McBride et al., 2008).  Raising the 
water table in compost (Fig. 4-1b) had little effect on the capacitance of barley plants until the 
water table reached within 1–2 cm of the compost surface (Fig. 4-5a).  Thus, wetting the 
substrate locally around the stem base is both necessary and sufficient to record the maximum 
plant capacitance.  
 
 
Figure 4-4. (a) Capacitance relative to fully wetted compost for barley plants in dry compost, 
compost wetted at the surface, and thoroughly wetted compost.  Data are expressed as mean ± 
SE (n = 35 plants).  (b) Capacitance relative to fully wetted soil of tillers of barley plants 
growing in the field to which zero, 1.0 - 2.5 cm
3
 or ≥100 cm3 of tap water was added around the 
stem base.  Data are expressed as mean ± SE (n = 8 plants).   
 
 
When the water table was at the compost surface (Fig. 4-1b), the capacitance of plants was 
linearly related to the area of tissue in the stem cross-section (Fig. 4-5b).  This suggests that 
plant capacitance was determined by the dimensions of plant tissues close to the soil surface.  
When the shoot was excised, the capacitance of the tissue that had been between the compost 
surface and the original electrode inserted into the plant was almost identical to the capacitance 
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measured for whole plants growing in compost (Fig. 4-5c).  This implies a negligible 
contribution of roots to the observed capacitance. 
 
 
 
Capacitances of plant and soil components combine in series 
Dietrich et al. (2012) have proposed that capacitances of plant tissues and rooting substrate 
combine according to standard electrical circuit theory.  They consider plant tissue above the 
soil surface and the soil itself as individual components of the circuit.  Their model predicts that 
the capacitance measured between two electrodes combines as the component capacitors wired 
Figure 4-5. (a) Capacitance of barley plants 
growing in compost as the water table was 
increased (see Fig. 4-1) with values expressed 
relative to the final wetted capacitance.  Data 
are means of 35 plants.  Symbols represent 
individual plants, e.g. (×) represents a plant 
with only one tiller. (b) Relationship between 
capacitance and the area of tissue in the stem 
cross-section of 20 barley plants measured 
with the water table at the compost surface.  
The linear regression, forced through the 
origin, is y = 1.3 ± 0.02 x (R
2
 = 0.926).  (c) 
Relationship between the shoot capacitances 
of 43 barley plants measured before and after 
their excision.  The line indicates a 1:1 
relationship. 
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in series, with capacitances of individual tillers of a plant attached to the same electrode acting 
in parallel (Fig 4-6a).  This model was tested on pairs of neighbouring plants in the field 
following rain.  Data were collected for five pairs of neighbouring plants (Fig. 4-6b).  The 
predicted capacitance (Cpred) was estimated from an equation of the form: 
 
     STTTTpred CCCCCC
1111
4321





      (8) 
 
where CT1 and CT2 were the capacitances of two tillers of one plant, CT3 and CT4 were 
capacitances of two tillers of another plant and CS was the capacitance of the soil between the 
two plants.  There was good agreement between the measured capacitances and the capacitances 
predicted by Equation 9 (Fig. 4-7).  
 
 
Figure 4-6. (a) Illustration showing the position of insertion of electrodes in tillers of 
neighbouring barley plants and in soil, with the equivalent electrical circuit diagram below.  (b) 
Capacitance measured between two electrodes in the soil (S), electrodes inserted at the base and 
at a height of 1 cm in an individual tiller (T1, T2, T3, T4), electrodes attached to individual 
tillers of the same plant (T1-S-T2, T3-S-T4), to individual tillers of neighbouring plants (T1-S-
T3, T1-S-T4, T2-S-T3, T2-S-T4) or to multiple combinations of tillers. 
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Figure 4-7. Relationship between the measured capacitance (Cm) and the capacitance predicted 
(Cp) using Equation 9 for the combination of tillers described in Figure 4-6. The linear 
regression is Cp = 1.02 ± 0.008 Cm (R
2 
= 0.978, n = 54 combinations).   
 
 
 
4.4 Discussion 
The capacitances of compost and soil increased with increasing water content (Fig. 4-2), as 
observed in previous studies  (e.g. Wu et al., 2011; Robinson et al., 2005; Kizito et al., 2008).  
When the substrates had water contents approaching field capacity, their capacitances were at 
least an order of magnitude greater than capacitances measured for plant tissue.  Thus, the 
capacitance measured between an electrode in the rooting substrate and one inserted at the base 
of the stem would be dominated by plant tissue according to the model proposed by Dietrich et 
al. (2012).  Wetting the substrate locally around the stem base was both necessary and sufficient 
to record maximum plant capacitance (Figs 4, 5a).  This is consistent with the hypothesis that 
capacitance is dominated by tissue between the solution surface and the electrode attached to the 
plant, and that the bulk of the root system makes a negligible contribution to the measured 
capacitance (Dietrich et al., 2012).  Indeed, when the shoot was excised, the capacitance of the  
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tissue that had been between the compost surface and the original electrode inserted into the 
plant was almost identical to the capacitance measured for plants growing in compost (Fig. 4-
5c).  Capacitance was linearly related to the area of tissue in the stem cross-section when the 
water table was at the compost surface (Fig. 4-5b).  Thus, the model proposed by Dietrich et al. 
(2012) could explain the variation in capacitance measurements made on cereals growing in 
solid substrates under various irrigation regimes.  In addition, there was good agreement 
between the capacitances measured on pairs of neighbouring plants in the field and the 
capacitances predicted by Equation 9 (Fig. 4-7).  This states explicitly that the capacitance 
measured between two electrodes combines as the component capacitors (plant tissue or solid 
substrate) wired in series, with capacitances of individual tillers of a plant connected to the same 
electrode acting in parallel. 
 
 
4.5 Conclusion 
All the findings presented in this paper are consistent with the model for plant capacitance 
developed in Chapter 3.  Substrate capacitance and plant capacitance combine according to 
standard physical laws.  Wetting the substrate locally around the stem base is both necessary 
and sufficient to record maximum capacitance.  Under these conditions, plant tissue capacitance 
is much smaller than soil capacitance and, when these components are combined in series, the 
capacitance measured is largely determined by the tissue between the wet soil surface and 
electrode attached to the plant.  Whilst the measured capacitance might, in some circumstances, 
be correlated with root mass, it is not a direct measure of root mass. 
 
In Chapter 5 the effect of the plant tissue geometry is considered in relation to capacitance, and 
RC circuits analogous to plant–substrate systems are investigated. 
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5 EFFECT OF PLANT TISSUE GEOMETRY AND 
CONNECTION SCHEME ON CAPACITANCE, USING 
POTATO PARENCHYMA AND ELECTRICAL 
ANALOGIES  
This chapter presents the results of a series of experiments conducted on cores taken from 
potato tubers and electrical circuit components.  The aim was to study the effects of plant tissue 
geometry and circuit connection scheme on capacitance.   
 
 
5.1 Introduction  
The previous chapters tested capacitance for cereal plants in hydroponics (Ch. 3) and in solid 
media (Ch. 4) as an estimate of root mass, leading to a new model for plant capacitance.  The 
basics of the new model were (1) the capacitances of the plant tissue and the rooting medium 
are in series; (2) the capacitances of tissues along an unbranched root or stem can be considered 
as connected in series; (3) the capacitances of multiple unbranched roots comprising the whole 
root system or multiple stems comprising the shoot, act in parallel; (4) the capacitances of 
individual roots or stems are directly proportional to their cross-sectional area, though different 
constants of proportionality may apply to different plant tissues.   
 Experiments in this chapter used a simplified system based on cores taken from potato tubers as 
a source of more homogeneous plant tissue.  Cutting cylindrical cores of potato tuber tissue 
allowed accurate definition of the dimensions of a plant sample.  Furthermore, potato tubers 
provide relatively large volumes of tissue allowing comparisons between different types of 
potato tissue.  Experiments reported in Section 5.3.1 explored (i) tissue- and (ii) electrode-
related differences in the measurement of capacitance and presents results of experiments were 
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potato tissue was submerged in water or placed on wet paper towel.  The second result-section 
(S. 5.3.2) presents electrical analogies of the preceding cereal and potato experiments 
constructed with electrical components on an electrical breadboard using the same LCR-meter.  
 
 
5.2 Material and methods 
5.2.1 Potato tuber experiments 
Plant material 
Tests with potato tubers (Solanum tuberosum L.), stored previously at 4 ºC, of the cultivars 
Maris Piper and Sterling were conducted during January 2011, and February 2012.  A selection 
of large tubers (11.3 cm (± 1.9 cm SD) length × 6.9 cm (± 2.4 cm SD) width) washed with tap 
water and left to dry for at least ten minutes, before cylindrical cores were cut.  A range of nine 
sizes of stainless-steel borers (Borer Rexaloy cork, R & L Enterprises, Leeds, UK) was used 
(Table 5-1).  If not stated otherwise, cores were cut longitudinally from the stem end to the bud 
end (Fig. 5-2) before vascular tissue at the periphery was removed.  The cross-section of a core 
was either uniform along its length (Fig. 5-1a) or changed in steps along the core as indicated in 
Fig. 5-1b. 
 
Table 5-1. Bore-sizes of potato tuber cores  
Key:  : Diameter; : Circumference, Ac: Cross-sectional area 
Bore-size 1 2 3 4 5 6 7 8 9 
          
  (mm) 4.8 6.0 7.2 8.4 9.6 10.8 12.0 13.2 14.4 
  (mm) 15.1 18.8 22.6 26.4 30.2 33.9 37.7 41.5 45.2 
Ac (mm
2
) 18.1 28.3 40.7 55.4 72.4 91.6 113.1 136.8 162.9 
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Figure 5-1. Cutting potato tuber cores with (a) even and (b) stepped cross-section.  (a) First a 
core with a uniform cross-section was cut.  (b) Then, a smaller borer cut a section of 2.75 cm 
length from one core pole before an even smaller borer cut a section from the other core pole up 
to a distance of 2 cm from the opposite section.  
 
 
Techniques 
Capacitance and impedance were measured with 1 Volt at 1 kHz frequency with the Extech 
LCR-meter.  Each meter-lead was connected to an electrode.  Two plant electrodes were 
attached to potato cores in parallel alignment.  Distance information refers to the space between 
two electrodes or between an electrode and a water surface.  Razor-blades (Fig 2-2g), strips of 
aluminium foil (ca. 5 mm ± 1 mm breadth, Fig.2-2h), and hypodermic needles (Fig. 2-2a) 
served as plant electrodes.  Blade-electrodes were pressed gently in parallel alignment against 
the flat cut edges of a potato core.  Strips were wrapped around a core and held tight by the 
crocodile clips of the meter-leads.  Needles penetrated a core perpendicular to its longitudinal 
axis.  Solution-electrodes were razor-blades (Fig. 5-5a) and disks of aluminium foil stamped out 
with the borers used for cutting cores (Fig. 5-6a, b).  Plant electrode position and water level 
were marked on the cores with a waterproof  
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pen.  Fresh mass was taken with a balance (LP3200D, Satorius, Göttingen, Germany) within 1 
min after capacitance measurement.  Lengths were measured with digital callipers.  Cross-
sectional area and circumference () were calculated from the inner diameter (Ø) of the borers.    
 
Experiments 
(i) Effect of plant different plant tissues on capacitance 
Potato tuber tissues could easily be discriminated by eye (Fig. 5-2a).  Thin tuber sections were 
cut, stained and then studied under the microscope (BX50F-3, Olympus Optical Co. LTD., 
Tokyo, Japan) to confirm the distribution and orientation of tracheid elements in a tuber:  One 
tuber was cut in both longitudinal and cross-sectional directions.  Slices were cut and then 
rinsed with tap water before being submerged into an acid fuchsine-solution (conc.: 0.5 
C20H17O9S3Ca mg
1
L
-1
, dye content: 85%) so that the dye could infiltrate the opened tracheid 
elements.  After five minutes the slices were removed from solution, rinsed again with water, 
and examined under the microscope.  Dye had coloured the tracheid elements as described by 
Lulai (2005) so that they could be discriminated from the surrounding parenchyma.  Based on 
observation three zones could be distinguished (Fig. 5-2b): an inner pith zone showing no 
tracheid elements, a middle perimedullary zone showing relatively sparse concentrations of 
tracheid elements, and an outer cortex/vascular ring zone showing dense concentrations of 
tracheid elements.   
 For the first experiment (Expt i-1), cores (1cm length, bore-size 2; Table 5-1) were cut from all 
three zones of a fresh potato tuber and their capacitances measured with blade-electrodes.  Half 
of the cores containing cortex tissue including the vascular bundles were bored along the 
bundles, the other half across the bundles.  For the second experiment (Expt i-2) capacitance 
was measured in partly in tap water submerged whole potato tubers before (Fig. 5-3a) and after 
peeling (Fig. 5-3b,c).  Furthermore the capacitance of the skin was measured on eight samples 
of 0.5 mm
2
 area.  
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Figure 5-2. (a) Scheme of a longitudinal section through a potato tuber after Rastovski & Van 
Es (1981).  (b) Annotated drawing of a transverse section through a tuber.  Longitudinal cores 
were cut from (1, 2) the periphery of the tuber containing cortex and vascular ring tissue; (3) the 
perimedullary zone; and (4) the centre (pith). Transverse cores were cut from (1, 2).  
 
 
 
Figure 5-3. Measuring capacitance of whole potato tubers in tap water.  (a) Tubers were placed 
in stable position into a 500ml-beaker.  The beaker was filled with tap water until circa half of 
the tuber was submerged.  Water height was marked at the tuber by inserting a subcutaneous 
needle filled with acid fuchsine solution.  A needle-electrode was inserted vertically for 1 cm 
into the top tuber part, a razor-blade electrode was submerged and capacitance measured.  (b) 
Tubers were then removed from the beaker and the skin was peeled off at the transition zone 
between wet and dry surface (D119, Tupperware, Orlando, FL, USA).  Tubers were 
subsequently transferred back into the basin, the water height adjusted to the mark, and 
capacitance remeasured.  (c) Again, the tubers were removed from the water to peel all the 
submerged tuber part. Tubers were transferred back into the basin, water height adjusted, and 
capacitance remeasured.  (d) The plant electrode being removed the remaining skin was peeled 
off and capacitance measured accordingly after the plant electrode was reinserted. 
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(ii) Effect of electrode connection schemes on capacitance 
In Expt ii-1 different electrode types were used to measure the capacitance of freshly cut potato 
cores of various bore-size (Table 5-1) for different electrode separations (range: 0.5 – 6 cm).  In 
Expt ii-2 capacitance was measured with blade-electrodes on freshly cut cores of various bore-
size and length (range: 0.1 – 9 cm).  Care was taken to measure capacitance with consistent and 
minimal pressure, because it was been observed that capacitance increased with pressure against 
the electrodes.  Expt ii-3 capacitance was measured with blade-electrodes on cores of various 
bore-size and 1 cm length before and after the core surface was gently dried by briefly rolling it 
between two layers of dry paper towel.  In Expt ii-4 capacitance was measured for cores of 
various bore-size and 2 cm lengths after cores were surface-dried.  In Expt ii-5 capacitance was 
measured with a combination of different electrode types (Fig. 5-4a - f) for cores of bore-size 3 
and 2 cm length.  
 
 
Figure 5-4. Measuring the capacitance with electrodes of the same and of different type.  Cores 
of all 9 bore-sizes (Table 5-1) were cut from potato tubers.  Capacitance was measured with (a) 
two strip-electrodes, (b) one strip-, one needle-electrode, (c) one strip-, one blade-electrode, (d) 
two needle-electrodes, (e) one needle-, one blade-electrode, and (f) two blade-electrodes at an 
electrode-separation of 1cm.   
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Figure 5-5. Potato core submersion 
experiments analogous to the barley roots 
and root systems in nutrient solution (Fig. 
3-3):  The cores had (a, b) even or (c – e) 
stepped diameters.  (a) Multiple cores of 
same lengths were vertically submerged to 
5 mm from the plant electrode.  Left: A 
piece of folded aluminium foil served as 
plant electrode.  It was gently pressed on 
the top of the cores and capacitance 
measured.  Middle: Cores were then 
successively removed from the water and 
capacitance measured after each removal, 
until one core remained in the water.  
Right:  Each of the cores were individually 
submerged and capacitance measured with 
a blade-electrode hold horizontally on top.  
A core of either (b) even or (c – e) stepped 
diameter was furnished with a strip-
electrode on one end.  (b) The core was 
incrementally submerged and capacitance 
measured for each increment before and 
after the submerged part was excised 5 mm 
below the water surface.  The procedure 
was repeated until no plant material 
remained for excision.  (c) The core was 
submerged to 5 mm from the plant 
electrode and capacitance measured.  It was 
then incrementally lifted out of the water 
and capacitance measured for each 
increment until the core was out of water 
completely.  Subsequently, the core was 
resubmerged, the increments successively 
excised and capacitance measured after 
each excision, until all increments were 
excised.  (d) The core was submerged to 5 
mm from the plant electrode and 
capacitance measured.  It was then 
incrementally raised out of solution, the 
plant electrode reattached 5 mm above the 
water surface, and capacitance measured.  
The procedure was repeated for each 
increment until no plant material remained 
in the water.  (e) Left: A second strip-
electrode was attached to the core at 
various positions and capacitance 
measured.  Right: Two strip-electrodes at 1 
cm separation were incrementally moved 
along the core and capacitance measured.  
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(i) Simulating barley experiments in hydroponics (Fig. 3-3) and field soil (Fig. 4-6) 
The effect of partly immersing and emerging potato cores in water was studied, in a manner 
analogous to the experiment performed in Chapter 3 for barley (Fig. 3-3).  Experiments with 
barley plants in hydroponics (Fig. 3-3) were simulated with potato tuber cores in tap water:   
 A capacitance experiment with field barley plants (Fig. 4-6) was simulated with tuber cores on 
wet paper towel.  Cores represented barley tillers, a wet paper towel field soil.  The capacitance 
of two cores with different diameters was measured with two blade-electrodes (Fig. 5-4f).  The 
capacitance of the paper towel was measured with two disk placed on the towel (Fig. 5-6a).  
Then both cores were connected to a wet paper towel and the total capacitance measured (Fig. 
5-6b).  Layers of one, three and six sheets of wet paper towels were tested for their suitability to 
represent field soil.  Proportionality between capacitance (C, nF) and the reciprocal of electrode 
separation (d, cm), as observed for field soil (Fig. 4-2d), was found for the use of one sheet only 
(Linear regression: C = 36.5 (± 0.91) /d (mean ± SE, n = 11, R
2
 = 0.990 P < 0.0001).  Thus, only 
one layer of wet paper towel was used in the test. 
 
  
Figure 5-6. Simulating field barley experiments (Fig. 4-6) with two potato tuber cores on a wet 
paper towel.  A thoroughly wetted paper towel drained for 1 min on a grid, before being 
unfurled on a level, non-conductive plate.  Two disks of aluminium foil were stamped out with 
the borers for cutting tuber cores and placed onto the towel.  (a) The capacitance of the paper 
towel was measured with two strip-electrodes connected to the disks.  (b) The electrodes were 
then removed from the disk and each attached to the top of a core which were placed on to the 
free disk and capacitance was measured. 
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5.2.2 Electrical analogies  
The meter 
Capacitance 
The Extech LCR-meter offers capacitance measurements at two frequencies (f; 120 Hz and 1 
kHz) and in two modes, one for parallel (PAL) and the other for series (SER) equivalent 
circuits.  The capacitance accuracy of both modes was tested with a capacitor box that allowed 
adjustment of capacitance.  Initially the box was set to 0.1 nF and capacitance measured in SER-
mode at 1kHz and 120 Hz, respectively.  The box-capacitance was then successively increased 
by the tenfold up to 1 µF and capacitance measured for each setting.  The procedure was 
repeated with capacitance measurements in PAR-mode at 1kHz and 120 Hz, respectively.  The 
outcome was that the meter-capacitance was on average by 1.8% (± 0.011% SE, n = 20) lower 
than the box-capacitance.   
 
Resistance 
The meter provides two readings for resistance (R1 and R2).  The user’s guide explains the 
different R-readings as follows: “the mode defines the R loss of a (…) capacitor as a series loss 
or a parallel loss”.  This was understood as reference to different equations for calculating 
impedance in a parallel and series RC circuits, respectively.  Impedance (Z, Ω) is calculated as 
magnitude in terms of Ohm’s resistance (R, Ω) and reactance (Xc, Ω) for series RC circuits (Zs) 
by 
 
   √     
           (9) 
 
and for parallel RC circuits (Zp) by  
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          (10). 
 
It was tested whether Zp and Zs calculated with the two equations would match with the two R-
readings.  The resistance was put up by resistors.  The reactance follows from the capacitance 
(Eqn 5).  Capacitance was measured for one resistor connected to the capacitor box in parallel 
and in series, respectively.  The resistances of the resistors used were 1 Ω, 10 Ω, 100 Ω, 1 kΩ, 
3.3 kΩ, 4.7 kΩ, 5.6 kΩ, 7.9 kΩ, 10 kΩ, 22 kΩ, 27 kΩ, 39 kΩ, 0.1 MΩ, 0.50 MΩ, 1MΩ, 
1.5MΩ, and 10 MΩ.  The box-capacitance was set to 1 nF, 10nF, 0.1µF and 1µF.  The R-values 
were read in PAL-mode when the resistor was connected in parallel, and in SER-mode when 
connected in series to the box.  The findings were:   
 
The meter failed to display capacitance in PAL-mode, when capacitance was set to 1 nF and to 
display R1-values when the resistance was 10 Ω or less.  When measured in SER-mode R1-
values showed an almost 1:1 relationship with Zs (Linear regression: R1 = 1.01 (± 0.01) Zs: 
mean ± SE, n = 39, R
2
 = 0.993 for the combined f-data).  When measured at 1 kHz R2-values 
showed an almost 1:1 relationship to Zp, although they were measured in SER-mode (Linear 
regression: R2 = 0.93 (± 0.03) Zp: mean ± SE, n = 20, R
2
 = 0.982).  When measured at 120 Hz, 
there was no obvious relationship found between R2 and Zp.  At relatively high resistances the 
LCR-meter failed to display the set capacitance values (Fig. 5-23). 
To avoid that capacitances were not displayed, capacitance and impedance were measured in 
SER-mode.  To ensure that the displayed impedance followed established electrical laws, 
measurements were conducted at 1 kHz. 
 
Tests with electrical components were conducted on an electrical breadboard (Model 488-618, 
RS Components, Corby, UK) with ceramic capacitors (ECKA series, Panasonic, Osaka, Japan) 
and aluminium electrolytic capacitors (EEA-GA series, Panasonic, Osaka, Japan).  The 
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breadboard consisted of two bus-strips (Fig. 5-7a: A, L) with 40 interconnected clips and 47 clip 
cores of five interconnected clips.  Fig. 5-7c illustrates how an RC circuit (Fig. 5-7b) was 
constructed. 
 
 
Figure 5-7. (a) Scheme of the electrical breadboard, (b) an exemplary RC circuit consisting of 
one resistor-capacitor-unit (RC units) being connected in series to two RC units in parallel 
connection to each other, and (c) the schematic illustration of this RC circuit on the breadboard.  
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5.3 Results and discussions 
5.3.1 Plant tissue- and electrode-related effects on capacitance and the simulation of 
plant experiments 
 
(i) Capacitance of different tuber tissues 
Expt i-1. Capacitance was grater for cortex and vascular tissue  
Capacitance was measured on potato cores of same size that differed in their composition of 
tissue.  The highest average capacitance was measured for cores including cortex tissue and 
vascular bundles (see Fig. 5-2b).  The capacitance of cores cut in longitudinal orientation to the 
vascular bundles (408 nF ± 48 nF SD) did not differ significantly (df = 46, P = 0.65) from the 
capacitance of cores cut in transversal orientation (400 nF ± 67 nF SD).  Significantly smaller 
capacitances were measured for cores containing tissue of the perimedullary zone (260 nF ± 71 
SD, df = 94) and of the pith (271 nF ± 62 nF SD).  Tissue from both the pith and the 
perimedullary zone was predominately parenchyma.  Although the pith tissue was more 
translucent and contained about double the amount of starch grains as the perimedullary zone, 
this did not significantly affect the capacitance.  
The orientation of the vascular bundles had no effect on the capacitance suggesting the plant 
tissue can be a continuous dielectric.  It was observed however that the capacitance was greater 
for regions of increased concentrations of plant vessels.  It is possible that the water content in 
the tissue affects the dielectric constant () and hence its capacitance, but water content was not 
measured in this experiment.   
 
Expt i-2. Suberized periderm acts as an insulator lowering the capacitance reading 
Peeling potato tubers at water level height (Fig. 5-3b) increased the average capacitance 
significantly from 100 nF (± 25 nF SD) to 149 nF (± 23 nF SD, df = 14, P = ≤ 0.001).  Having 
the whole submerged part peeled (Fig. 5-3c) increased the average capacitance significantly 
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further to 189 nF (± 33 nF SD, df = 14, P = 0.02).  However, having tuber parts peeled above 
water level (Fig. 5-3d) had negligible effect on the capacitance.  The average capacitance of 
potato skin was with 0.4 nF cm
-2
 (± 0.04 nF SD) relatively small in comparison with the intern 
tissue of the tuber.  
The increase in capacitance induced by peeling is consistent with the potato skin being 
connected in series with the water and the intern of the tuber.  Adapting Equation 1 gives: 
 
 
      
 
 
  
 
 
  
 
 
  
          (11) 
 
where Cp is the capacitance of the inner potato tissue, Cw the capacitance of the water, and Cs 
the capacitance of the skin.  As Cs << Cp and Cw, the capacitance of the skin will dominate the 
capacitance reading.   
 
Peeling of tuber parts outside the solution had no effect on the capacitance, presumably because 
the plant electrode was directly connected with the inner potato tissue.   
 
(ii) Effect of electrode on capacitance 
Expt ii-1. Various electrode types measured different values of capacitance 
Capacitance of potato tuber cores was measured with different electrode types: strip-, needle-, 
and blade-electrodes (Fig. 2-2).  All electrodes measured a non-linear increase in capacitance 
with decreasing electrode separation (Fig. 5-8a).  When capacitance was normalized by the core 
cross-sectional area (Fig. 5-8b) highest capacitances were measured with blade-electrodes up to 
an electrode separation (d) of 2 cm.  From there on, needle-electrodes measured the highest 
values.  Blade-electrodes measured the lowest capacitance from 4 cm d onwards, as it decreased 
steeper with d, than the capacitances of the other electrodes.  Plotting the normalized 
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capacitance against the reciprocal of d (Fig. 5-8c) yielded a linear relationship for the use of 
blade-electrodes and exponential relationships for needle- and strip-electrodes.  
 
 
 
  
  
 
The outcome that blade-electrodes measured the highest capacitance, at least at short distances, 
was probably due to the full electrode-coverage of the core cross-section.  The reason why strip-
electrode and needle-electrode recorded less capacitance was possibly, because the contact area 
between electrode and plant tissue was smaller (Fig. 5-9).   However, with increasing electrode 
separations the capacitance of blade-electrodes decreased faster than the capacitance measured 
Figure 5-8. (a) Relationship between the 
capacitance (C, nF) and electrode separation (d, 
cm) of nine potato tuber cores of bore-size 2, 3, 
and 4 (Table 5-1) when measured with blade-
electrodes (circles), needle-electrodes (squares), 
and strip-electrodes.  (b, c) Relationship between 
C per cross-sectional area (C/Ac, nF mm
-2
) and 
(b) d and (c) the reciprocal of d of the same cores.  
(c) The linear regression was C/Ac = 6.23 (± 
0.080) 1/d -0.59 (± 0.07) (mean ± SE, n = 7, R
2
 = 
0.999, P < 0.0001).  The exponential equation 
was for () C/Ac = 5.60 (± 0.09) 1/d
-1.10 (± 0.03)
 
(mean ± SE, n = 7, R
2
 = 0.999, P < 0.0001) and 
for (▲) C/Ac = 3.74 (± 0.05) 1/d
-1.20 (± 0.03)
 (mean ± 
SE, n = 7, R
2
 = 0.994, P < 0.0001) 
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with different electrode types.  The reason for this may have been associated with a boundary 
effect of the outer cut tissue, or because of the different electrical fields generated within the 
potato tissue (Fig. 5-9). 
 
 
Figure 5-9. Hypothesised electrical fields in plant tissue for (a) blade-electrodes, (b) needle-
electrodes, and (c) strip-electrodes.   
 
     
Expt ii-2. Capacitance correlated with cross-sectional area and circumference, and inversely 
with electrode separation 
Capacitance was measured with blade-electrodes for wider range of core dimensions than in test 
ii-1.  Again, capacitance decreased non-linearly with electrode separation (Fig. 10a) and values 
followed the core diameters being highest for the thickest and lowest for thinnest cores.  
Capacitance normalised by cross-sectional area showed a less close linear relationship with the 
reciprocal of the electrode separation (Fig. 5-10b) than capacitance normalised by the 
circumference (Fig. 5-10c).   
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The better fit for capacitance normalised by and electrode separation, rather than capacitance 
normalized by the cross-sectional area, is surprising.  A possible explanation for test ii-1 results 
is that the solution on the core surface might have served as electrical bypass of plant tissue.  
This may also explain the results achieved in test ii-2, because a bypass along the core surface 
would increase the capacitance and might strengthen the correlation between capacitance and 
circumference.  
 
 
  
Figure 5-10. (a) Relationship of capacitance (C) 
and electrode separation (d) for 10 cores of potato 
tuber cores of various diameters.  (b) Relationship 
between C per cross-sectional area (C/Ac, nF mm
-
2
) and the reciprocal of d for the same cores.  (c) 
Relationship between C per circumference (C/, 
nF mm
-1
) and the reciprocal of d for the same 
cores.   Eighteen electrode separations ranged 
between 0.1 cm and 9 cm.  Symbols represent the 
bore-sizes 3 (circle), 4 (square), 5 (triangle up), 6 
(triangle down) 6, and 7 (diamond) (Table 5-1).  
Linear regression for the combined data was for 
(b) C/Ac = 6.47 (± 0.11) /d (mean ± SE, n = 77, 
R
2
 = 0.964, P < 0.0001) and for (c) C/ = 16.20 
(± 0.13) /d (mean ± SE, n = 77, R
2
 = 0.992, P < 
0.0001).   
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Expt ii-3. Capacitance is decreased by surface drying of freshly cut potato cores 
Test ii-3 investigated the effect of solution on the surface of potato cores on the capacitance.  
Drying the core surface halved the average capacitance (± 19% SD, n = 50) while decreasing 
the average mass by only 2.6% (± 1.2%, n = 50).  Before cores were blotted dry capacitance 
(nF) was more closely linearly related to the core circumference (mm) than to the cross-
sectional area (mm
2
):  C = 11.6 (± 1.2)  (mean ± SE, n = 5, R2 = 0.767) and C = 2.6 (± 1.00) 
Ac + 127 (± 96.6) (mean ± SE, n = 5, R
2
 = 0.596, P = 0.078,).  After they were blotted dry both 
relationships were improved and equally good (C = 4.9 (± 0.15)  (mean ± SE, R2 = 0.967, P < 
0.0001) and C = 1.0 (± 0.09) ± 64.2 (± 8.98) Ac (mean ± SE, R
2
 = 0.967, P = 0.0017).   
 
The solution that collected on the surface of potato cores after being cut from the tubers 
therefore increased the capacitance. 
 
Expt ii-4. Capacitance was linearly correlated with the cross-sectional area of dried potato 
cores 
As the number of data points was relatively small in test ii-3, a greater range of core dimensions 
was used in test ii-4.  There, a close linear relationship was found between C and Ac (Fig. 5-11a) 
and a power relationship between C and  (Fig. 5-11b).    
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Figure 5-11. Relationship of capacitance and (a) cross-sectional (Ac, mm
2
) and (b) 
circumference (, mm) for surface-dried potato cores of different diameter (bore-size 1-9, Table 
5-1).  The linear regression for (a) was: C = 0.908 (± 0.015) Ac (mean ± SE, n = 7, R
2
 = 0.987, P 
< 0.0001).  The exponential regression for (b) was C = 17.7 (± 10.0) 
(mean ± SE, n = 7, R2 = 0.994, P < 0.0001).  Data represent the mean ± 
SD of three replicate measurements.  
 
 
The linear relationship between capacitance and the cross-sectional area of blotted-dry potato 
cores (Fig. 5-10c) suggests that solution collected at the cut surface of plant tissue had indeed 
increased the capacitance and strengthened the correlation between capacitance and 
circumference (see Fig. 5-10). 
 
Expt ii-5. Effect of electrode type on capacitance 
Capacitance was measured with two electrodes of different kind on potato cores, before 
capacitance was measured with pairs of electrodes of the same kind (Fig. 5-4).  The capacitance 
measured with two unequal electrodes laid in between the values measured with equal 
electrodes (Fig. 5-12a).  In fact, it showed almost a 1:1 relationship to the average capacitance 
of the capacitances measured with the respective electrodes of same type (Fig. 5-12b).  
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Figure 5-12. (a) Capacitance normalized by the cross-sectional area (C/As, nF mm
-2
) and 
measured with pairs of blade-electrodes (—), needle-electrodes (---), and strip-electrodes (…) and 
combinations of two different electrodes of 12 potato tuber cores.  Data represent the mean ± 
SE.  (b) Relationship between capacitance predicted for (Cp) and measured with (Cm) a 
combination of two different electrodes.  The predicted values result from averaging the 
capacitances measured with two sets of electrodes of the same kind. Symbols represent the 
different electrode combinations strip/needle (), strip/blade (), and blade/needle (▲). Linear 
regression was Cp = 1.001 (± 0.010) Cm (mean ± SE, R
2
 = 0.962). The line indicates a 1:1 
relationship. 
 
The results are reasonably consistent with the general principle of plate capacitors, where 
capacitance is proportional to the average plate area.  The blades have the greatest area of 
contact, whilst the needle- and strip-electrodes present very different electrical field geometry 
within the plant tissue (Fig. 5-9). 
 
(iii) Simulating barley experiments in hydroponics and field soil 
Expt iii-1. Fig. 5-5a: Simulating whole root systems in hydroponic solution (Figs 3-3a) 
Potato tuber cores were submerged in water (Fig. 5-5a) to simulate individual roots submerged 
in nutrient solution (Fig. 3-3a).  The first of two simulations included cores of same diameter 
being successively reduced in number (analogous to various numbers of identical roots in 
solution).  The second simulation included cores of two different diameters (analogous to thick 
and thin roots).  The number of cores was successively reduced. 
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In the first simulation capacitance was well correlated with both core mass in water (Fig. 5-14a) 
and core cross-sectional area at the water surface (Fig. 5-14b).  In the second simulation, the 
regression lines of capacitance against core mass in water (Fig. 5-14c) and core cross-sectional 
area at the water surface (Fig. 5-14d) varied in their gradients for cores of non-uniform 
dimensions.   
 
 
 
Figure 5-13. (a,c) Relationship of the capacitance (C, µF) of partly submerged potato tuber 
cores and the core mass in water (M, g) and (b,d) the core cross-sectional area (Ac, mm
2
) at the 
water surface.  (a,b) Data represent the mean ± SD of three replicate measurements of cores of 
72 mm
2
 Ac. (c,d) Data represent the mean ± SD of three replicate measurements of cores of () 
72 mm
2
 Ac and () 41 mm
2
 Ac.  The linear regressions were for (a): C = 0.095 (± 0.003) M 
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(mean ± SE, n = 6, R
2
 = 0.996, P < 0.0001); for (b): C = 0.020 (± 6.7 × 10
-5
) Ac (mean ± SE, n = 
6, R
2
 = 0.994, P < 0.0001); for (c) () C = 0.027 (± 0.001) M + 0.147 (± 0.011) (mean ± SE, n = 
7, R
2
 = 0.990, P < 0.0001); for (d) () C = 0.002 (± 7.5 × 10
-5
) Ac – 0.225 (± .025) (mean ± SE, 
n = 7, R
2
 = 0.991, P < 0.0001).  Linear regressions for -data were not significant. 
 
 
The first simulation demonstrates that samples of same dimensions show proportionalities 
between capacitance, mass and cross-sectional area.  The second simulation demonstrates that 
when samples of different dimensions are used linear relationships can be obtained with 
regression line intercepts far from the origin.  By removing the thicker cores at last and 
excluding their values from regression analysis, the second simulation is consistent with the 
explanation for the offset linear regression line found between capacitance and root system mass 
in the simulated barley experiment (Fig. 3-4):  The regression line was offset, because seminal 
roots provided more capacitance per cross-sectional area than nodal roots (Fig. 3-5b).   
 
Expt iii-2. Fig. 5-5b, c: Simulating the partial submergence and trimming of roots in solution 
(Fig.3-3b, c) 
Potato cores of various sizes were incrementally lowered into water, incrementally raised out of 
water, and trimmed below the water surface, respectively (Fig. 5-5b, c) (analogous to 
manipulations of barley roots; Fig. 3-3b, c).  In the first test, cores of even cross-sectional area 
were lowered incrementally into water (Fig. 5-5b).  Capacitance increased non-linearly with 
each increment (Fig. 5-15a) and increased nonlinearly with the mass in solution (Fig. 5-15b).  
Capacitances showed almost linear relationships with the reciprocal of the distance between 
plant-electrode and water surface (Fig. 5-15c).  The distance between regression line intercept 
and the origin increased with increasing core cross-sectional area (Table 5-3).  Trimming cores 
below the water surface had a negligible effect on the capacitance (Fig. 5-15d). 
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Figure 5-14. Relationship between the capacitance of potato tuber cores and (a) the distance 
between plant electrode and water surface (D, cm), (b) the tissue mass in water (g), and (c) the 
reciprocal of D.  Symbols represent different bore-sizes (Table 5-1) ranging from 2,3 (circles) 
over 4,5 (squares) and 6,7 (triangles up) to 8,9 (triangles down).  Full symbols represent cores 
of smaller, hollow symbols cores of greater diameter.  (d) Capacitance before (Cb, nF) and after 
(Ca, nF) the excision of submerged core parts.  Linear regressions for (c) see Table 5-2 and for 
(d) was Cb = 1.01 (± 0.003) Ca (mean ± SE, n = 92, R
2
 = 0.996) when forced through the origin.  
The line indicates a 1:1-relationship.  
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Table 5-2. Linear regression equations for capacitance against distance between plant electrode 
and water surface for partly submerged potato cores (Fig. 5-15c). 
Key: D: distance between plant electrode and water surface 
Core 
cross-sectional 
area (mm
2
) 
 
C = b × 
 
 
 ± y0 
n b SE y0
 
SE R
2 
P 
28 9 64 3.5 4.6 2.6 0.971 < 0.0001 
41 9 63 5.2 21 3.9 0.935 < 0.0001 
55 9 59 1.1 15 0.8 0.997 < 0.0001 
72 9 73 4.0 47 3.0 0.970 < 0.0001 
92 9 86 3.5 35 2.6 0.984 < 0.0001 
113 9 108 5.7 39 4.3 0.973 < 0.0001 
137 9 80 1.6 37 1.2 0.996 < 0.0001 
163 9 98 5.6 43 4.2 0.969 < 0.0001 
 
 
The results of the simulations with potato cores are analogous to the findings of the respective 
barley experiments (Fig. 3-6):  The capacitance of cores in water was (1) non-linearly related to 
the distance between water surface and plant electrode (D), (2) non-linearly related to the tissue 
mass in water, (3) linearly related to the reciprocal of D, and (4) proportional to the capacitance 
measured after trimming.  However, increase pattern of capacitance with the reciprocal of D 
(Fig. 5-15c) appeared slightly curved which might be due by bypass-effects of solution at the 
cut core surface.   
  
When cores of uneven diameter were raised out of water (Fig. 5-5c) capacitance showed a 
shallower decrease with D for greater core diameters and a steeper decrease for smaller 
diameters  
(Fig. 5-16a).  The complex relationship between capacitance, core cross-sectional area, and D 
became linear through weighting the D values according to the variations in cross-sectional area 
following Equation 8 (Fig. 5-16b).   
 
126 
 
 
 
 
 
  
Figure 5-15. Relationship between (a) capacitance (C, nF) and the distance between water 
surface and plant electrode (d, cm) and (b) between C and reciprocal of cumulative d per cross-
sectional area A (mm
2
) of four incrementally submerged potato tuber cores.  Linear regressions 
equations see Table 5-3.  The cross-sectional areas along the core length were 55,137, 41 mm
2
 
(circles); 41,137, 55 mm
2
 (squares); 55, 163, 41 mm
2
 (triangles up); and 72, 163, 55 mm
2
 
(triangles down).  Hollow symbols mark changes of the cross-sectional area within an 
increment.  
 
Table 5-3. Linear regression equations for the relationship between capacitance and the 
reciprocal of cumulative distance/area for potato tuber cores with three sections of different 
diameter. 
Key: C: capacitance (nF); Ai: cross-sectional area of the i
th
 segment (mm
2
); d: length of the ith 
segment (cm) 
 
Cross-sectional areas (mm
2
)   
     [∑
   
  
 
   
]
  
 
 
 n b SE R
2 
P
 
41,137,55  14 0.977 0.006 0.999 < 0.0001 
55,137,41  13 0.966 0.028 0.970 < 0.0001 
55,163,41  14 0.905 0.034 0.951 < 0.0001 
72,163,55  15 0.639 0.006 0.997 < 0.0001 
 
 
The results of this simulation were analogous to the findings of the original barley experiment 
(Figs 3-7a, 3-11).  This confirms (a) the second statement of the new model that capacitances of 
tissues along an unbranched root or stem can be considered as connected in series and (b) the 
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fourth statement that capacitances of individual roots or stems are directly proportional to their 
cross-sectional area. 
 
Expt iii-3. Fig. 5-5d: Simulation of partially submerged roots with the plant electrode at the 
solution surface (Fig.3-3d) 
Capacitance was measured at different positions on potato tuber cores of stepped diameter (Fig. 
5-1b).  The plant electrode was reattached 5 mm above the water surface (Fig. 5-5d) for each 
measurement in order to simulate the respective barley experiment in hydroponics (Fig. 3-3d).   
 Complex relationships were observed between capacitance and the electrode position at the 
core (Fig. 5-17a).  Maximal capacitance occurred where the cross-sectional area at the water 
surface was greatest (Fig. 5-17b).  There was a close linear relationship found between 
capacitance (nF) and cross-sectional area (mm
2
):  C = 1.23 (± 0.027) Ac (mean ± SE, n = 46, R
2
 
= 0.917, P < 0.0001).   
 
 
 
Figure 5-16. The relationship between (a) capacitance and (b) the cross-sectional area of four 
potato tuber cores that were incrementally raised out of water and position of the water surface 
on the cores (Fig. 5-5d).  The cross-sectional areas along the core length were 41,137, and 55 
mm
2 
(circles); 55,162, and 41 mm
2  
(squares); 55, 137, and 41 mm
2 
(triangles up); and 72, 163, 
and 55 mm
2
 (triangles down).  Hollow symbols mark changes of the cross-sectional area within 
an increment.  
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Plotting the capacitance and cross-sectional area against the position of the water level on a core 
displayed equally well the differences in core thickness.  This demonstrated that the water 
surface acts like an electrode.  The finding of a direct proportionality between capacitance and 
cross-sectional area was possible, because the distance between water and plant electrode was 
kept constant.  The results are consistent with findings of the respective barley experiments 
(Fig. 3-8a, c) and confirm (a) the first statement of the new model that the capacitances of the 
plant tissue and the rooting medium are in series and (b) the fourth statement that the 
capacitances of individual roots or stems are directly proportional to their cross-sectional area.   
 
 
Expt iii-4. Fig. 5-5e: Simulation of capacitance measurements of roots in air (Fig.3-3e) 
The capacitance of the same cores used in the previous two experiments was measured with two 
plant electrodes in air (Fig. 5-7e) to simulate the respective barley experiment in hydroponics 
(Fig. 3-3e).   
 Capacitance decreased non-linearly with increasing electrode separation (Fig. 5-18a) and 
showed a complex relationship with the electrode position when the electrode distance was kept 
constant (Fig. 5-18c).  The values showed approximately a 1:1-relationship (Fig. 5-18b, d) with 
the respective values measured for cores submerged in water (Figs 5-16a and 5-17a).   
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Figure 5-17. Relationship between the capacitance of four potato cores with stepped 
circumference (Fig. 5-1) measured in air (Ca, nF) and (a) electrode separation and (b) 
capacitance measured in water (Cw; Fig. 5-16a).  Relationship between the capacitance of four 
different cores with stepped circumference measured in air and (c) electrode position along the 
core and (d) capacitance measured in water (Cw; Fig. 5-17a).  The linear regression was for (c) 
Ca = 1.026 (± 0.012) Cw (mean ± SE, n = 52, R
2
 = 0.984) and for (d) Ca = 0.978 (± 0.016) Cw 
(mean ± SE, n = 50, R
2
 = 0.946).  Open symbols mark data for increments with two 
circumferences.  Lines indicate a 1:1 relationship.   
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The observation that plant capacitance measured in air differs negligibly from plant capacitance 
measured water is consistent with the results of the respective barley experiment (Fig. 3-9).  
 
Expt iii-5. Fig. 5-6: Simulating field barley experiment (Fig. 4-6) 
In the simulation of an field experiment where capacitance was measured for two neighbouring 
barley plants in the field (Fig. 4-6) potato cores represented the barley tillers and a wet paper 
towel the soil (Fig. 5-6d).   
 
The capacitance measured from core to core was much lower than the capacitance of any of the 
cores (Fig. 5-19a) and fairly proportional to the capacitance of the paper towel (Cp, nF), though 
the values were slightly lower (Linear regression: Cp = 1.093 (±0.021) Ct (mean ± SD, n = 18, 
R
2
 = 0.979, P < 0.0001).  Total capacitance could be fairly accurately predicted by applying the 
equation for capacitors in series (Fig. 5-19b), given by  
 
  [ 
 
  
]
  
                    
(13) 
 
where Ci is the capacitance of the i
th
 component.  Applying this equation to capacitances of two 
cores (Ci, i = 1, 2; nF) of various diameters in direct connection (Fig. 5-6c) gave a fairly 
accurate prediction of the total capacitance (Ct, nF), too (Linear regression: Ct = 0.988 (± 0.019) 
[ 
 
  
]
  
 (mean ± SE, n = 18, R
2
 = 0.977, P < 0.001). 
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Figure 5-18. (a) Capacitances of the components in Figure 5-6d: two potato cores (, ) of 
different bore-size (Table 5-1) and of the paper towel connecting them ( ).  (b) Relationship 
between the total capacitance and the reciprocal of cumulative reciprocals of the component-
capacitances, [ 
 
  
]
  
 where Ci is the capacitance of the i
th
-component.  
 
The findings in the simulation and the field experiment are consistent and thus confirm the first 
statement of the new model that the capacitances of the plant tissue and the rooting medium are 
in series. 
 
 
5.3.2 Electrical circuit analogies 
Electrical components on an electrical breadboard were used to test circuit analogies of the 
cereal experiments in hydroponics (Ch. 3) and the field (Ch. 4) and for the potato core 
experiments (S. 5.3.1). 
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Whole root systems in hydroponic solution (Fig. 3-3a)  
Capacitance was measured for an increasing number of capacitors connected in parallel (Fig. 5-
20a, b).  In the first of two tests all capacitors were of same size.  In the second test, capacitors 
of two different sizes were measured.  Large capacitors represented seminal roots, small 
capacitors nodal roots of barley root systems in hydroponic solution (Fig. 3-3a), because 
seminal roots provide more capacitance than nodal roots (Fig. 3-5b).  Larger capacitors were 
omitted from the regression analysis, because all seminal roots had already emerged when the 
capacitance measurements started in the experiment with barley plants in hydroponics.    
 
Analogous to the simulation of the barley experiment with potato cores (Fig. 5-14) capacitance 
increased proportionally to the number of components (Fig. 5-20c).  The increase was steeper 
for the larger capacitors than for smaller capacitors.  Thus the electrical analogy for root systems 
of various sizes in solution gave a regression line that had a positive intercept when capacitance 
was correlated with the number of “nodal root”.   
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Figure 5-19. (a) Breadboard scheme and (b) RC circuit for the successive removal of capacitors 
from a set of capacitors connected in parallel.  Solid lines show the recent, short dashes the 
previous connection.  Long dashes indicate repetitions in the scheme pattern.  Relationship 
between capacitance (C, nF) and the number of capacitors (N) for a set of (c) equally and (d) 
unequally large capacitors (: 1.02 nF; : 2.22 nF) added incrementally.  The linear regressions 
were for (c, ): C = 1.00 (± 0.001) N (mean ± SE, n = 10, R
2
 = 1.000) and for (c, ○) C = 2.20 (± 
0.003) N (mean ± SE, n = 10, R
2
 = 1.000) when forced through the origin and for (d; filled 
symbols only) C = 0.99 (± 0.003) N + 3.44 (± 0.018) (mean ± SE, n = 10, R
2
 = 1.000, P < 
0.0001). 
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The results are consistent with findings of the respective barley experiment (Fig. 3-4) and their 
simulation with potato cores (Fig. 5-14).  This suggests that the offset regression line in the 
plant experiment (Fig. 3-4) based on different root capacitances.  These results are in agreement 
with the third proposal of the new model that the capacitance of multiple unbranched root or 
stem axes in solution can be added in parallel. 
 
The partial submergence of roots in solution (Fig. 3-3b, c) 
Capacitance was measured for an increasing number of capacitors in series.  In the first of two 
tests capacitors were of same size.  In the second test capacitors of two different sizes were 
used.  Large capacitors represented sections along a root axis of large cross-sectional areas, 
small capacitors sections of small cross-sectional areas to simulate the partial submergence of 
root systems in hydroponic solution (Fig. 3-3b, c). 
 
Capacitance decreased non-linearly with the number of capacitors (Fig. 5-21a).  The gradient of 
the curve decreased when large capacitors were added to the RC circuit and increased when 
small capacitors were added to the RC circuit (Fig. 5-21b).  The measured capacitance showed 
an approximate 1:1 relationship to the capacitance following from the equation of capacitors in 
series (Eqn 1). 
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The results are consistent with findings of the respective barley experiment (Fig. 3-6a, 3-7a) and 
their simulation with potato cores (Figs 5-15a, 5-16a and 5-18a), respectively.  This confirms 
Figure 5-20. (a) Breadboard scheme and (b) 
RC circuit for the successive adding of 
capacitors to a series.  Solid lines show the 
recent, short dashes the previous connection.  
Long dashes indicate repetitions in the 
scheme pattern.  Relationship between 
capacitance (nF) and the number of 
capacitors for (c) equally and (d) unequally 
large capacitors.  (e) Relationship between 
capacitance measured and predicted 
following Eqn 13.  In (c, e) symbols 
represent series of capacitors of different 
size: () 4.7 nF, () 2.2 nF, (▲) 1.0 nF, (○) 
0.47 nF, () 0.22 nF, () 0.1 nF.  In (d) 
large capacitors provided (○) 4.7 nF, smaller 
capacitors () 1.01 nF or 2.22 nF.  The line 
indicates a 1:1 relationship. 
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the second statement of the new model that capacitance of tissues along an unbranched root or 
stem can be connected in series. 
 
Simulation of partially submerged roots with the plant electrode at the solution surface (Fig.3-
3d) 
Capacitance was measured along a series of capacitors of two different sizes on one capacitor at 
a time (Fig. 5-22a, b).  Large capacitors represented sections of large cross-sectional areas along 
a root system axis, small capacitors sections of small root cross-sectional areas to simulate 
capacitance measurements on partially submerged root systems with the plant electrode at 
constant distance to the solution surface (Fig. 3-3d).   
 
The capacitance readings displayed the capacitances of the capacitors (Fig. 5-22c) and formed 
pattern similar to the respective barley experiment (Fig. 3-8a, b) and the corresponding with 
potato core experiment (Fig. 5-17a, b).  
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The results are consistent with findings of the respective barley experiment (Fig. 3-8a, b) and 
their simulation with potato cores (Fig. 5-18).  
 
  
Figure 5-21. (a) Breadboard scheme 
and (b) RC circuit for the successive 
measurement of capacitors in a series.  
Solid lines show the recent, short 
dashes the previous connection.  Long 
dashes indicate repetitions in the 
scheme pattern. (c) Relationship 
between capacitance and the capacitor 
positions (P) in the series. Capacitors 
at P 1-5 provided 2.22 nF at P 6-8 
4.75 nF and at P 9-12 1.01 nF. 
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Capacitance and resistance 
A capacitor was connected in series with resistors of different resistance to examine the effect of 
resistance on the capacitance.  The capacitors used had the approximate size of a small barley 
plant in dry compost (4.6 nF), a large individual root in solution (46 nF), and a large barley root 
system in solution (1 µF) (see Table 5-4). 
A significant (≥5%) under-estimation of the capacitance of the capacitors was found when 
resistance was greater than 100 kΩ (4.6 nF), 39 kΩ (46 nF), and 22 kΩ (1 µF), respectively 
(Fig. 5-22).    
 
 
Table 5-4. Average capacitances and impedances for barley grown in hydroponics and compost 
Key: RS: Root System; SR: Seminal Root; NR: Nodal Root; C: Capacitance; Z: Impedance 
 RS in solution SR in solution NR in solution 
Plant in wet 
soil 
Plant in dry 
soil 
      
n 12 12 12 70 70 
 mean    SE mean    SE mean    SE mean    SE mean    SE 
C (nF) 444       47 27        4.3 17        1.8 76        3.4 5.6        0.3 
Z (kΩ) 3.5        0.7 72        9.2 49        6.4 10        1.6 78        4.6 
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Figure 5-22. The capacitance of a capacitor and a resistor connected in series normalized by the 
capacitance of the capacitor plotted against the resistance of the resistor.  Capacitor size was () 
1 F, () 46 nF, and (▲)  4.6 nF.  The dotted line shows the significance-level at and above that 
the variation from the capacitor-capacitance was ≤ 5%. 
 
Impedances (Z) measured for barley in hydroponics and compost were at levels that exclude 
that the resistance (R; Eqn 6) had a significant effect on the capacitance readings.  
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5.4 Conclusions  
Potato tissues had different dielectric constants:  The suberized periderm provides much less 
capacitance than parenchyma tissue.  Tissue with a dense concentration of plant vessels showed 
much more capacitance than tissue with sparse concentrations of plant vessels, possibly due to 
differences in the water content. 
 Capacitance was affected by the nature of plant electrode:  Destructive electrodes covering the 
total cross-section of a plant sample measure maximal capacitance, possibly because the area of 
contact is maximised and the electric field generated will be uniform (Fig. 5-9a).  Non-invasive 
and minimally-invasive electrodes, e.g. strip- and needle-electrodes, measured lower values, 
possibly because only a fraction of the plant tissue was connected to the electrode.   
 Solution at the surface of tissue that had been cut interfered with the capacitance reading in 
potato cores.  However, after removing the surface moisture, potato tissue capacitance was 
direct proportional to cross-sectional area and inversely proportional to the electrode separation. 
 The results of simulating cereal experiments with potato tuber cores were all consistent with the 
results obtained for cereal plants.  This confirms the new model and its applicability to plant 
tissue in general.  The finding of an offset regression line for capacitance versus root system 
mass (Fig. 3-4) can be explained with root-type related differences in the dielectric constant.  
 The results of testing the electrical analogies circuit components for the cereal experiments (and 
their equivalent with tuber cores) also agreed well with results for cereal experiments.   
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6 GENERAL DISCUSSION AND CONCLUSIONS 
6.1 Objectives 
 The overall aim of this thesis was to investigate the applicability of capacitance measurement 
for the estimation of plant root mass.  This required an evaluation of the physical basis 
underlying the measurement of electrical capacitance of plants.  Dalton`s widely accepted 
conceptual model for root capacitance measurement (1995) predicts a linear relationship 
between the capacitance of a plant in soil and its root mass.  This model is based on the three 
assumptions: (1) all roots are connected as parallel capacitors; (2) capacitance is provided by all 
root surface cells in electrical connection to the rooting medium; and (3) plant vessels are 
electrical conductors so that the root cortex acts as the dielectric of a cylindrical capacitor.  
Dalton (1995) also hypothesized  that the root tips contribute the majority of the capacitance.  
 
There had been some suggestions in the literature that this model does not always work.  So the 
experiments conducted in this study aimed to clarify the physical basis of electrical capacitance 
measurement, both in hydroponics and in solid rooting media. 
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6.2 Re-evaluation of the physical basis for the electrical 
capacitance of plants in hydroponics    
Preliminary tests  
Chapter 2 outlines the general methods used in the thesis and some preliminary experiments 
aimed to optimise the methods.  These preliminary experiments explored variations in root 
capacitance measurement on barley plants in hydroponics.  Hydroponic systems were used to 
promote easy access to the root system and avoid complications due to variations in the rooting 
medium.  The experiments suggested that linear correlations of capacitance and root system 
mass may be circumstantial.  The work suggests that these correlations result from a close 
correlation between root system mass and the root dimensions at the solution surface, i.e. the 
root cross-sectional area.  Plant material between electrode and solution surface behaved like a 
dielectric between two capacitor plates.  This analogy is supported by the finding that electrodes 
with a greater contact area to the plant measure higher capacitances.  The tentative conclusion 
was that the plant material between plant electrode and solution surface determines the 
capacitance reading.  This conclusion however conflicts with the key prediction of the Dalton 
(1995) model that capacitance would reflect the size of a root system in the ground.  Therefore, 
experiments in Chapter 3 aimed to test Dalton’s model (1995) more thoroughly.  
 
Manipulations of the barley root system in hydroponics to test Dalton’s model 
The Dalton (1995) model was more thoroughly tested in Chapter 3 by using a range of 
treatments that included: raising roots out of solution, cutting roots at positions below the 
solution surface, and varying the distance between plant electrode and the solution surface.  
From the three key statements of Dalton’s (1995) model it follows that capacitance should be 
proportional to the submerged root mass.  Another indirect prediction from Dalton’s model is 
that trimming of roots in solution would open the plant vessels effectively causing a short 
circuit.  In this case total capacitance would equal solution capacitance.   
144 
 
 
 
 
 
 
Initial experiments showed that there was indeed a good linear correlation between capacitance 
and the whole root system mass (Fig. 3-4).  This result agreed with Dalton’s observations and 
those of a number of other authors (e.g. Ozier-Lafontaine and Bajazet, 2005; Kendall et al., 
1982; Chloupek, 1977; van Beem et al., 1998; McBride et al., 2008; Preston et al., 2004; Pitre 
et al., 2010; Tsukahara et al., 2009).  It was found, however, that the linear regression line 
intercepted the capacitance axis far from the origin.  Similar offset regression lines had been 
found previously (e.g. Dalton, 1995; Chloupek, 1977; van Beem et al., 1998; McBride et al., 
2008; Pitre et al., 2010).  Further manipulative experiments were designed to test the basis of 
the observed linear relationship (Fig. 3-3).  These clearly showed that the relationship was 
fortuitous, possibly arising from a linear relationship between root system mass and the root 
cross-sectional area at the solution surface (Figs 3-5a,b; 3-8a,b).  Excision of roots in the 
solution had negligible effect on the measured capacitance.  In conclusion, these results for 
barley roots were inconsistent with the Dalton model (1995) in many respects.  Instead, 
capacitance was proportional to the total root cross-sectional area at the solution surface (Figs 3-
5b, 3-8c) and inversely related to the distance between plant electrode and solution surface (Fig. 
3-6c).   
 
These results necessitated the development of a new model to explain the capacitance measured 
in hydroponic systems.  The basic features of the new model were: (1) the capacitances of root 
and rooting medium are in series; (2) the capacitances of tissues along any unbranched root can 
be considered as connected in series;  (3) the capacitances of multiple unbranched roots at any 
level  act in parallel so reduce to the equivalent of a single capacitor; and (4) the capacitances of 
individual roots are directly proportional to their cross-sectional area though different constants 
of proportionality may apply to different tissues.  These four statements are consistent with all 
our observations obtained hitherto.  From the first statement it follows that high capacitance of 
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the solution negligibly affects the total capacitance and therefore is generally irrelevant for the 
capacitance measurement of plants.  The electrical impedance measurements of Cao et al. 
(2010; 2011) using willow plants can be interpreted in a similar way.   
 
The capacitance of submerged root material added to the solution capacitance (as two capacitors 
connected in series) and thus has a negligible effect on the capacitance.  This conclusion 
depends on the observations that root tissue showed lower capacitance than the solution (by at 
least an order of magnitude), and root trimming had a negligible effect on the capacitance.  
Further evidence was found when roots were incrementally raised out of or lowered into the 
solution and also when capacitance was measured at roots in solution and then in air.  First, a 
1:1 relationship was found between the capacitances measured in solution and air: this 
supported the first statement of the new model above.  Then, proportionality was found between 
capacitance and the reciprocal of cumulative distance between electrode and solution surface 
per total root cross-sectional area: this supported the second to fourth statements of the new 
model.  
 
 
6.3 Re-evaluation of the physical basis for the electrical 
capacitance of plants in solid media 
 
It is of particular interest to determine the value of capacitance measurements for the study of 
root morphology in soils where access to the roots for observation is much less easy than in 
hydroponics.  Therefore experiments in Chapter 4 aimed to extend the testing of the new model 
to solid media.  The foci of the studies were the soil water distribution, the role of above-ground 
plant material, the estimation of total capacitance according to standard electrical laws, and the 
role of the plant electrode.   
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The effects of soil water distribution 
Experiments were conducted in a range of media including a sand-mix, potting compost, and 
soil in the field.  Different soil water properties were achieved by wetting the top surface of only 
or wetting the soil from below.  One finding was that maximal capacitance required only 
damping the soil surface right around the plant shoot.  Raising the water level had almost 
negligible effect until the top soil was wet, again.  Both findings were consistent with the new 
model.  The new model explains the first finding with an increase of the top soil capacitance due 
to the wetting, and the second with the greater distance between plant electrode and the wet 
current-conducting soil.   
 
Plant material between plant electrode and wet soil surface dominated the measurements  
From the new model it follows that the aboveground plant tissue between soil surface and 
electrode is a key component of the capacitance reading.  Analogous to capacitance readings on 
roots in solution and in air (Ch. 3-3) capacitance was measured on a whole plant in wet soil and 
on the shoot in air after its removal from root system and soil.  Here too, a 1:1 relationship was 
found confirming the first statement of the new model (Fig. 4-5c).  Further evidence was the 
finding of high proportionality between capacitance and the shoot cross-sectional area at the soil 
surface (Fig. 4-5b).   
 
Calculations of total capacitance according to standard electrical laws confirmed the model 
The first statement of the new model, of a serial connection between the capacitances of plant 
and soil implies that standard electrical laws can be used to calculate the capacitance of 
combinations of plant tissue and soil capacitance.  Measurements of soil capacitance and plant 
capacitance were used to predict the overall capacitance of the plant in soil in a field 
experiment, where capacitance was measured between two neighbouring plants (Fig. 4-6).   
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6.4 Reevaluating the physical basis for the electrical capacitance 
of plant material in general 
Because of the difficulties in experimentation with mature cereal plants, experiments of Chapter 
5 used a more simplified system based on cores taken from potato tubers as a source of 
homogeneous plant material.  Core cutting allowed accurate definition of the dimensions of a 
plant sample.  Furthermore, potato tubers provide large areas of same tissue allowing 
comparisons between different types of potato tissue. 
 
Experiments of Chapter 5 explored tissue- and electrode-related differences in the measurement 
of capacitance and attempted to simulate the preceding cereal experiments, on which the new 
model is based, with tuber cores.  In a further set of experiments the RC circuits following from 
our model for these cereal experiments were tested with man-made capacitors on an electrical 
breadboard and using the same capacitance meter. 
 
Tissue-related differences in the measurement are related to the water content.  
The capacitance of different tuber tissues varied as a function of their vessel concentration.  The 
orientation of the vessels however was irrelevant.  These findings are in agreement with Urban 
et al.’s (2011) conclusion that electrical current propagates in all directions in plant tissues.  
This implies that all capacitive material between two electrodes affect the capacitance reading, 
and predominately root material as suggested by Chloupek (1972, 1977), Dalton (1995), 
Aubrecht et al. (2006), and many other researchers.   
The plant water content of potato tissue largely governed the dielectric constant of a plant tissue 
and thus its capacitance.  Al Hagrey (2007) showed that there is a relationship between 
capacitance and plant water content by visualizing wet wood in tree trunks by capacitance 
tomography.  Such relationship explains why potato skin with a relatively low water content 
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provided very little capacitance (Ch. 5, S. 4, (i) Capacitance of different stem tissues).  The 
insulating effect of such tissue results obviously from its smaller capacitance being in series 
with the larger capacitance of inner plant tissue.  As the smaller capacitance governs the 
reading, suberized outer tissue may need to be removed or penetrated by the plant electrode to 
determine the capacitance of the inner plant tissue. 
 Another observation was the fact that moisture at the outer surface of a sample increases the 
capacitance (Ch. 5, S. 4, (ii) Plant electrode tests).  This capacitance-noise became stronger 
with increasing electrode separation (Fig. 5-8c) and supported a linear relationship between 
capacitance and circumference (Figs 5-10c).  Both findings suggest that surface moisture serves 
as electrical bypass.  Surface drying however lowered the capacitance and ensured its linear 
relationship with the cross-sectional area, as included in the new model (Fig. 5-11a).  
 
Electrode-related differences between capacitance measurements are related to the 
plant/electrode-connection 
The highest capacitance was measured when the electrode covered the full cross-section of a 
plant sample (Fig. 5-12a) necessitating the destruction of the plant.  Only then was capacitance 
linearly related to the reciprocal of electrode separation as would be expected for the new model 
and as found for roots (Fig 3-6c) and shoots (Fig. 4-3) in the cereal experiments.  To avoid 
destruction, non- or minimally-invasive electrodes can be used, though they can only measure a 
fraction of full capacitance.  This could possibly be corrected by normalizing the capacitance by 
the ratio of electrode contact area per shoot cross-sectional area, although there may be 
geometrical effects of electrode shape on the capacitance measured.   
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Simulating preceding cereal experiments caused analogous results 
The results of the simulation of experiments with tuber cores agreed well with results for cereal 
plants.  This confirms the applicability of the new model for plant tissue in general.  Testing the 
RC circuits with electrical components also gave consistent results.  
 
 
6.5 Knowledge that was gained for practical application 
The findings in this thesis suggest that a major reappraisal of the use of capacitance to estimate 
root mass is needed.  Capacitance was determined by the plant tissue between the plant 
electrode and wet soil surface, and not by the presence of the bulk of the root system.  
Correlation between root mass and capacitance only occurs if root mass happens to correlate 
with the plant tissue cross-sectional area between the plant electrode and soil surface. 
The primary condition for estimating the root mass of a plant in the ground from capacitance, 
proportionality between root mass and plant dimensions at the ground surface (cf. Introduction 
of Ch. 6) may often occur (Table 1-2).  However, great caution must be exercised in interpreting 
capacitance measurements, as root systems respond greatly to soil conditions.    
 
In terms of making consistent measurements of plant capacitance, it is necessary to ensure a 
consistent height and a horizontal orientation of the lower edge of the plant electrode whatever 
the shape of the plant electrode is.  A wet ground surface ensures measurement of the maximum 
plant capacitance, although this can be mathematically extracted from total capacitance and soil 
capacitance by applying the equation for capacitors in series, if all capacitance components are 
known.  Dry soil conditions however may influence the relationship between capacitance and 
root mass, because (1) neither drying,  nor necrosis of root tissue might be reflected by the 
capacitance causing an overestimation of root size and (2) changes in the water content in the 
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shoot may change the dielectric constant of this tissue and cause an underestimation of root size 
in relation to wet soil conditions.    
 
We observed a noticeable, but small effect of the distance between plant and soil electrode 
within the range of several metres.  A strong insulator is usually also a weak capacitor.  When 
suberized plant tissue insulates the plant electrode from inner plant tissue the low capacitance it 
provides dominates the capacitance reading.  To avoid this effect electrodes may be used that 
penetrate through the insulating tissue, e.g. needles, screws, or nails.  Irrigation preceding the 
capacitance measurement should be carried out carefully, because splashes of water wetting the 
plant surface below the plant electrode can interfere with readings.  
 
 
6.6 Future work 
The results from this thesis show many dangers as well as some limited potential for estimating 
root mass from plant capacitance.  For such estimations to be valid, root mass must be 
proportional to the plant dimensions at the ground surface.  Considering the many findings of 
correlations between capacitance and root mass in the literature, this often seems to be the case 
for many crop species, under particular conditions.  The proportionality constant varies among 
different plant species and will almost certainly depend on environmental conditions that 
influence root and shoot growth. Capacitance offers potential as a fast preliminary screen of 
plant size at the soil surface, when such proportionality is found. Sentence added: Though 
measuring the shoot dimensions with a calliper would provide the same information about a 
plant, this appears to be an inferior alternative, because it is much more labour-intensive, 
especially for crops producing more than just one tiller. 
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APPENDIX 
The figure shows the relationship between the change in capacitance following the removal of 
an individual root (Δ capacitance) and its fresh mass in the preliminary experiments (a) expt. II 
(n = 266) and (b) expt. III (n = 216) (Ch2, S. 2).  There was no correlation found between the 
two measures.  Whilst the average root mass was equal (0.13 g ± 0.015 g SE, expt. II; ± 0.013 g 
SE, expt. III), the average capacitance was 2.4-times higher in expt. II than in expt. III possibly 
due to the different water regimes used (Fig. 2-1).   
 
 
